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BACKGROUND: The Subcommittee on 
Hydrology (SOH) held the Federal 
Interagency Workshop on Hydrologic 
Modeling Demands for the 90's in Fort 
Collins, Colorado in 1993.  That highly 
successful workshop was limited to Federal 
participants.  Subsequent to that Workshop, 
the SOH decided to hold a broader 
conference and to open it to all interested 
parties.  The conference covered models 
addressing surface water quality and 
quantity issues and was held in 1998 in Las 
Vegas, Nevada.   That conference, the First 
Federal Interagency Hydrologic Modeling 
Conference, was also very successful.  One 
of the needs identified in that conference 
was for better coordination among similar 
model development/support activities in the 
profession.  To address those needs and plan 
for the future, the SOH decided to hold this 
new conference, the Second Federal 
Interagency Hydrologic Modeling 
Conference (2nd FIHMC).   In November 
2000 a workshop was held in Tucson, 
Arizona to identify key issues and topics for 
the 2002 conference.  The key issues and 
topics identified at the Tucson workshop are 
included in the papers being presented at 
this conference. The 2nd FIHMC will follow 
a mixed set of formats including formal 
presentations, mini-workshops, and model 
demonstrations. 
 

The 2nd FIHMC will provide a rare 
opportunity for professionals from State and 
local agencies, universities, international 
entities, and the private sector, as well as 
Federal agencies, to learn from each other 
and to network.   
 
CONFERENCE SITE: The Conference 
will be held at the Riviera Hotel and Casino 
situated on the famous “Strip” in Las Vegas, 
Nevada.  Las Vegas averages 310 days of 
sunshine per year and, besides being the 
“Entertainment Capital of the World,” 
features family recreation possibilities such 
as Lake Mead, Hoover Dam, Red Rock 
Canyon, and Wet’n Wild amusement park.  
A considerable number of interesting places 
(see http://www.Vegasfreedom.com/) are 
within several hours of Las Vegas. 
 
TOPICS: About 180 papers and 30 
demonstrations from the United States and 
several foreign countries, incorporating 
results of recent research and technology 
development and/or applications relating to 
surface water modeling have been accepted 
for presentation. Papers will be given in the 
following sessions: 
 
OPENING SESSION Royale 1. The 
Conference Chair, Arlen Feldmen, will 
make welcome and opening statements.  
Robert Johnson, Regional Director, Lower 
Colorado Region, USBR has been invited to 
welcome the group form a local perspective. 
Glenn Austin, Chair of the Subcommittee on 
Hydrology, will give a brief overview of the 
Subcommittee on Hydrology activities. 
David Ford will give the keynote address 
titled "Woo-hoo! What we can learn about 
hydrologic modeling from the Simpsons." 
 
MODEL DEMONSTRATIONS and 
DINNER. Tuesday, July 30, Royale 2.  
A 4.5-hour session for 40 computer-model 
demonstrations and posters will be offered.  
A light dinner will be provided during the 
demonstrations.  See list of scheduled 
demonstrations in this agenda. 
 
 
 
 



 
SPONSOR 
Subcommittee on Hydrology, of the 
Advisory Committee on Water Information. 
 
 
SUBCOMMITTEE ORGANIZATIONS 
Association of State Floodplain Managers 
Agricultural Research Service  
Defenders of Property Rights 
Bureau of Land Management 
Bureau of Reclamation 
Federal Emergency Management Agency 
Federal Highway Administration 
Federal Energy Regulatory Commission 
National Hydrologic Warning Council 
National Science Foundation 
National Weather Service 
Natural Resources Conservation Service 
US Army Corps of Engineers 
US Environmental Protection Agency 
US Forest Service 
US Geological Survey 
 
ORGANIZING COMMITTEE 
Arlen Feldman, Conference Chair; COE,  
Doug Glysson, Operations Chair; USGS,  
Don Frevert, Co-Technical Program Chair; 

USBR,  
George Leavesley, Co-Technical Program 

Chair, USGS,  
Jeff Rieker; Registration; USBR,  
Steve Markstrom, AV Coordinator, USGS 
Thomas Donaldson, Field Trips, NOAA 
Jayantha Obeysekera, Short Courses, 

SFWMD 
 
REGISTRATION  

 
The registration desk (located in the Royale 
Pavilion area of the Riviera’s Convention 
Center) will be open for checking in and on-
site registration as follows: 
Sunday July 28 7:00 a.m. to 6:00 p.m.
Monday July 29 7:30 a.m. to 5:00 p.m.
Tuesday July 30 8:00 a.m. to 7:00 p.m.
Wednesday July 31 8:00 a.m. to 5:00 p.m.
Thursday August 1 8:00 a.m. to noon. 

 
 

 
OPENING RECEPTION, SUNDAY,  
July 28, Royale 2 
A get-acquainted reception will be held on 
Sunday afternoon from 5:30 - 7:30 p.m.  
Come and meet old friends and make new 
ones while enjoying refreshments and hot 
and cold hors d’ oeuvres. 
 
SPEAKERS’ BREAKFAST 
A working breakfast will be served Monday 
through Thursday for each day's speakers. 
See Daily Schedule For Time And Room. 
This will be a full breakfast. All speakers, 
demo leaders, session chairpersons, and 
audio/visual (A/V) assistants are requested 
to attend on the morning of the day of their 
presentation.  Speakers and session 
chairpersons will be briefed on the day's 
activities.  Speakers will coordinate their 
slides and presentations with the session 
chairs and A/V assistants during and after 
this meeting. 
 
SPEAKERS' VIEWING SKYBOX 201 
A special room will be set up for speakers to 
view their slides and computer presentations 
and for session chairpersons and A/V 
assistants to meet with speakers.  Computers 
and 35 mm preview projectors will be 
available throughout the day in this room.  
 
PROCEEDINGS 
A printed volume of the Conference papers’ 
abstracts and a CD with the full papers will 
be provided to all registered attendees.  At 
the conference, additional printed abstract 
volumes will be available for $15 and the 
CD for $20.  To order by mail after the 
conference, make check or money order 
payable to Federal Interagency Hydrologic 
Modeling Conference, and send to the G. 
Douglas Glysson, Office of Water Quality, 
412 National Center, Reston, VA, 20192-
5603.  
 
. 



 
FIELD TRIPS 

July 28 
 

 
Hoover Dam:  

7:30 am to noon, $40.00, 
(Must have pre register by July 15) 

One of the "Seven Modern 
Engineering Wonders of the United 

States"  
The "Discovery Tour" of Hoover Dam 
allows people to hear a lectured presentation 
by professional guides, access to the Exhibit 
Hall, Visitor's Center, the indoor/outdoor 
observations decks and a 25-minute movie 
on the dam's original construction.  

Hoover Dam Tours from Las Vegas 

 
Viewing this magnificent, massive man 
made structure creates a respect for man's 
accomplishments. The strong desire to 
harness nature's power drove the human 
mind and body to build Hoover Dam in the 
hottest, driest area of the United States. In 
doing so, the seasonal flooding of the 
Colorado River was eliminated and millions 
of people now have drinking water and 
irrigation during the dry season. 
 
Come see how the construction men of the 
Hoover Dam triumphed over environmental 
and engineering difficulties to complete the 
monumental task to build the largest dam 
known to man in 1935. 
 
The tour of Hoover Dam will be offered on 
the morning of Sunday, July 28.  The cost of 
the tour, including transportation, will be 
$40.  The tour will depart the Riviera Hotel 
at 7:30 am and return at noon.   
 

Spouses and other family members are 
welcome.  However, participation is limited 
and everyone interested must sign up (along 
with their conference registration) no later 
than Monday, July 15. 
 
 
 

Clark County Flood Control 
District and Lower Las Vegas Wash 

 
8:30 am to 12:30 pm, $40.00 

 
Las Vegas is the fastest growing urban area 
in the nation.  The rate of development by 
the private sector often outstrips the public 
sector’s ability to provide services.  Arid 
lands flood control within such a rapidly 
urbanizing area presents a unique set of 
challenges, as development often defines 
flow paths across alluvial fan surfaces.  This 
field trip will present the challenges that 
confront the Clark County Regional Flood 
Control District as well as the District’s 
answer to those challenges, particularly 
through master planning, the capital 
improvement plan, and the District’s 
regulatory approach.  More information 
about the Flood Control District can be seen 
at www.ccrfcd.org. The field trip will be in 
conjunction with the tour of the Lower Las 
Vegas Wash (hosted by SNWA), the 
watercourse by which all stormwater, urban 
drainage, and treated effluent make its way 
to Lake Mead. 
 
The Lower Las Vegas Wash of Southern 
Nevada is an important tributary to the 
lower Colorado River system. The Wash 
watershed covers 1,500 square miles and is 
the only outlet for the entire Las Vegas 
Valley.  Stormwater, urban drainage, and 
treated effluent discharge through the Las 
Vegas Wash and into Lake Mead, only 7 
miles upstream of the drinking water 
intakes, which serve Southern Nevada. Over 
the past 25 years, rapid upstream 
urbanization has led to increased discharge 
and erosion of the Las Vegas Wash. Erosion 
activity has reduced, which was once 3200 
acres of wetlands, down to less than 300 
acres today. Channel incisement as great as 



40 feet deep currently intercepts 
contaminated groundwater, further 
threatening downstream water quality. The 
field trip will focus on present efforts by the 
Southern Nevada Water Authority to stop 
erosion, rehabilitate wetlands areas, and 
improve water quality through a $60 million 
capital improvements program. More 
information about the Las Vegas Wash 
Project can be seen at   www.lvwash.org. 
 
 
 
 
 
SHORT COURSES 
 
EXCEL-LENT, Sunday, July 28, 
9:00 am to 4:00 pm, Capri 112/113 
The EXCEL spreadsheet software is one of 
the most used software packages in water 
resources organizations, yet most engineers 
and scientists use only a fraction of the 
spreadsheet’s capabilities that are 
particularly useful in scientific analysis.  
This workshop is designed to teach you how 
to use some of the features particularly 
useful in engineering and water resources 
analysis.  The workshop is based around 
examples of engineering spreadsheets that 
participants can use as a guide for their 
future applications.  This workshop is 
designed for average spreadsheet users and 
no previous programming experience with 
macros or Visual Basic for Applications is 
required.  The workshop is hands-on; 
therefore participants must have their own 
notebook computer with EXCEL 
installed. 
 
MIKE SHE/MIKE 11, Sunday, July 
28, 9:00 am to 4:00 pm, Capri 111 
Complex riverrine and wetland flow systems 
and the interactions between surface water, 
ground water and evapotranspiration 
processes require an integrated 
mathematical hydrologic and hydrodynamic 
modeling approach. The presentations in 
this course will focus on the MIKE SHE 
modeling system 
(www.dhisoftware.com/mikeshe) developed 
by DHI. The model system comprising the 

hydrological model MIKE SHE and the 
surface water model MIKE 11 enables a 
fully integrated, dynamic simulation of 
surface water and subsurface flow regimes. 
The modeling system can be used to address 
a wide range of water management issues 
and as a water management tool help to 
restore and preserve wetlands. The system is 
also frequently used to address and assess 
irrigation needs and demands. The modeling 
software is linked with GIS for database 
access, data management, post-processing 
and assimilation of the model results. The 
use of GIS also allows for advanced flood 
mapping to assess flood patterns, flood 
duration and possible crop damage.    
 
GSTARS, Sunday, July 28, 8:00 am 
to 5:00 pm, Capri 115/116 
Today, the application of numerical models 
in hydraulics has become a common activity 
in many engineering projects. The 
application of the computer models requires 
not only an appropriate understanding of the 
engineering problem at hand, but also of the 
model’s inner workings, that is, of the 
approximating assumptions that are 
imbedded in the mathematical model and 
how they are implemented in the computer 
program. This knowledge is essential for a 
successful application of any model. In this 
short course, the theory and practice of 
modeling will be presented in a simple, easy 
to understand manner, with strong practical 
component and hands-on approach. 
 
The short course will address the issues of 
numerical modeling of hydraulics and 
sediment transport in alluvial rivers using 
GSTARS 2.1 (Generalized Stream Tube 
model for Alluvial River Simulation version 
2.1). GSTARS 2.1 is a numerical model 
developed by the US Bureau of Reclamation 
for simulating alluvial rivers with movable 
boundaries. It is a steady state model based 
on a one-dimensional backwater algorithm 
that can compute mixed regime flows 
(subcritical, supercritical, or any 
combination of the two). Sediment transport 
capabilities include: fractional transport, bed 
sorting and armoring, over 10 sediment 
transport functions for sizes ranging from 



clay to gravel, non-equilibrium transport, 
computation of channel width changes, etc. 
The model can be used as a one-dimensional 
model, or as a semi-two-dimensional model 
by the use of stream tubes. The user 
interacts with the model via an interactive 
graphical user interface. 
 
The short course will be presented in a 
cooperative workshop style, in which the 
lectures will be supplemented with examples 
and an application session. After this short 
course, the participants will be able to: 
 
• Apply GSTARS 2.1 to their problems. 
• Understand the input requirements of the 

model. 
• Prepare the input data and run GSTARS 

2.1. 
• Analyze the model output. 
• Have a better general understanding 

about sediment transport modeling. 
The participants are encouraged to bring 
their own laptops. A limited number of 
computers will be available for use in this 
short course. 
 
ArcHydro, Thursday, August 1, 
1:00 pm to 5:00 pm, Capri 112 
ArcHydro is a geodatabase design and a set 
of accompanying tools geared for support of 
water resources applications in the ArcGIS 
environment.  ArcHydro is designed to 
provide the basic GIS data structures and 
tools that, among other applications, can be 
used for watershed delineation, river 
network tracing, and area-based 
computations, originating both from raster 
or vector data.  Another key ArcHydro 
design feature is that it can be easily 
extended to meet specific project needs, 
basically serving as the initial building block 
for a complex analysis or management 
environment.  The workshop will provide an 
overview of three key aspects of ArcHydro: 
database design, standard tools, and 
methodology for database and tool 
extension.  Several examples of real projects 
will be provided to demonstrate the 
ArcHydro capabilities.  No prior GIS 
knowledge is required.  All participants will 
receive the “Arc Hydro: ArcGIS for Water 

Resources” book and accompanying CD 
with the tools. 
 
SAMS-02, Thursday, August 1, 1:00 
pm to 5:00 pm, Capri 113 
The US Bureau of Reclamation (USBR) has 
been actively involved in using and 
developing statistical/stochastic techniques 
for analyzing, modeling, and simulating 
hydrological processes such as streamflows.  
In the late 1970's and throughout the 80's the 
so-called LAST computer package was 
developed and has been widely utilized not 
only by USBR personnel but by many 
organizations worldwide. In the 1990's 
USBR and Colorado State University 
collaborated in developing a new computer 
package for stochastic analysis, modeling, 
and simulation called SAMS.  The latest 
version of this software, SAMS-02 includes 
a number of statistical tools for data analysis 
and data transformations and a number of 
modeling schemes for synthetic generation 
of annual and seasonal streamflow such as 
monthly flows at simple and complex river 
systems.   
 
SAMS has been applied in many complex 
systems involving several sites such as the 
Colorado River system, the Great Lakes 
system, and The Nile River system. 
 
The main purpose of this course THE NEW 
SAMS-02 COMPUTER PACKAGE is to 
provide an extended computer 
demonstration of the capabilities of SAMS-
02. The course will include a demonstration 
of a number of applications and the last 45-
60 minutes will be to run specific cases that 
are of interest to the attendees.  The 
participants will receive printed copies of 
some examples and a diskette containing the 
executable of SAMS-02 Demo version. 



 
 
 

TECHNICAL PROGRAM 
MONDAY, JULY 29 

 
8:00   Speakers Breakfast,   Capri 112/113 
 
8 – 9:00   Pre-Conference Break,    Royale 2 
 
OPENING SESSION                   Royale 1 
 
9:30  Opening Remarks  Arlen Feldman, 

COE  2nd FIHMC Chair 
 
9:45 Welcome Robert Johnson, USBR 
 Regional Director, Lower Colorado Region 
 
9:55  Overview, SOH and ACWI  
   Glenn Austin, NOAA 
 Chair of the Subcommittee on Hydrology 
 
10:20 Keynote Address  David Ford 
"Woo-hoo! What we can learn about hydrologic 

modeling from the Simpsons." 
 
 
SESSION 1A Royale 1 
Hydrologic Database Issues Including Standards And 
Quality 

 

Moderator:  Bill Charley, US Army Corps of Engineers  
1:30 The Ingest, Quality Control, and Processing of 

Hydrometeorological Data at National Weather 
Service Field Offices, Glaudemans, M, National 
Weather Service 

1:50 Information Systems Development Techniques and 
their Application to the Hydrologic Database 
Derivation Application, Davidson, P et al, US 
Bureau of Reclamation 

2:10 A Vision for a Standardized Hydrologic Data 
Exchange Format, McFadden, D, David Ford 
Consulting Engineering 

2:30 Managing Hydrologic Data for Operational 
Forecasting, McFadden, D et al, David Ford 
Consulting Engineering 

 
SESSION 1B  Royale 3 
Hillslope Hydrologic Modeling   
Moderator:  Bill Scharffenberg, US Army Corps of 
Engineers 

 

1:30 A Study on Runoff Routing Scheme for Distributed 
Model, Guo, J and Liang, X, University of 
California – Berkeley  **PAPER 
WITHDRAWN** 

1:50 Development of a Predictive Relationship for 
Infiltration into Swelling/Cracking Soils an Update, 
Römkens, M et al, University of Mississippi 

2:10 Use of Soil Survey Information for Determining 
Soil Hydraulic Parameters for Hydrologic 
Modeling, Rawls. W and Pachepsky, Y, USDA – 
Agricultural Research Service 

2:30 Estimating the Unsaturated Soil Hydraulic 
Properties Using a Hierarchical Set of Pedotransfer 
Functions, Schaap, M, et al, USDA – Agricultural 

Research Service 
 
SESSION 1C Royale 4 
Flood Hydrology I  
Moderator:  Gary Brunner, US Army Corps of Engineers  
1:30 Calibrating Synthetic Storms to Predicted Peaks for 

the Colorado River Basin in Texas, Anderson, M et 
al, Halff Associates 

1:50 Near-Real-Time Flood Modeling and Mapping for 
the Internet, Jones, J and JFulford, J, US 
Geological Survey 

2:10 Vflo: A Real-time Distributed Hydrologic Model, 
Vieux, B and Vieux, J, Vieux and Associates 

2:30 Probable Maximum Flood Estimation Using 
Systematic and Nonsystematic Information, 
Francés F, Universitdad Polytech Valencia 

 
 
SESSION 1D Capri 115/116 
Interagency MOU on Multimedia Environmental Models  
Moderator:   Mark Dortch, US Army Corps of Engineers  
1:30 Overview of Interagency Memorandum of 

Understanding on Multimedia Environmental 
Models, Foley, G, Environmental Protection 
Agency 

1:50 Software System Design and Implementation for 
Environmental Modeling: A MOU Working Group, 
Laniak, G, Environmental Protection Agency 

2:10 Uncertainty Analysis and Parameter Estimation: A 
MOU Working Group, Leavesley, G and Nicholson 
T, US Geological Survey 

2:30 Transport issues: A MOU Working Group, Davis, J 
**PAPER WITHDRAWN** 

 
3:00 BREAK – Royale 2 
 
SESSION 2A Royale 1 
New Observations And Data For Hydrologic Modeling  
Moderator:  Peter Brooks, US Army Corps of Engineers  
3:30 Activities to Improve WSR-88D Radar Rainfall 

Estimation in the National Weather Service, 
Fulton, R, National Weather Service 

3:50 Use of Statistically and Dynamically Downscaled 
Atmospheric Model Output for Hydrologic 
Simulations, Hay, L and Clark, M, US 
Geological Survey 

4:10 A Test of Two Distributed Hydrologic Models with 
WSR-88D Radar Precipitation Data Input, 
Hunter, S et al, US Bureau of Reclamation 

4:30 Alternative Methods To Determine Shortages and 
Naturalized Flows, King, D and Rieker, J, US 
Bureau of Reclamation 

 
 
SESSION 2B  Royale 3 
Identifying Model Parameters  
Moderator: Thomas Donaldson, National Weather 
Service  

 

3:30 Results from the Second International Workshop on 
Model Parameter Estimation Experiment 
(MOPEX), Duan, Q and Schaake, J, National 
Weather Service 

3:50 Recent Developments in Automatic Calibration and 
Application to Hydrologic Modeling, Hogue, T 
et al, University of Arizona **NO PAPER** 

4:10 Methodology of Identification of Non-linear 
Regressions by Modified Least Squares 
Criterion, Kachiashvili, K and Melikdzhanian, D, 



University,Tbilisi, Georgia 
4:30 Toward Incorporating Hydrograph Shape 

Descriptors in Model Parameter Estimation, 
Shamir, E et al, University of Arizona 

4:50 FLDWAV Application: Transitioning from 
Calibration to Operational Mode, Sylvestre, J and  
Sylvestre, P, National Weather Service 

 
SESSION 2C Royale 4 
Flood Hydrology II  
Moderator:  Roger Kay, US Army Corps of 
Engineers 

 

3:30 Muskingum-Cunge Flood Routing Procedure in 
NRCS Hydrologic Models, Merkel, W, USDA – 
Natural Resource Conservation Service 

3:50 Using Hydraulic Routing to Determine the 
Accuracy of Hypothetical Flood Hydrology, 
Perkins, T, US Army Corps of Engineers 

4:10 Simulations of Flooding on Tchoutacabouffa River 
at State Highways 15 and 67 at D’Iberville, 
Mississippi, Winters, K, US Geological Survey 

4:30 Distributed Modeling of Large Basins For A Real 
Time Flood Forecasting System in Spain, 
Francés F et al, Universidad, Polytech Valencia 

 
 
SESSION 2D Capri 115/116 
River Flow Modeling  
Moderator:  Ming Tseng, US Army Corps of Engineers, 
Retired 

 

3:30 Daily Flow Routing with the Muskingum-Cunge 
Method in the Pecos River RiverWare Model, 
Boroughs, C and Zagona, E, Tetra-Tech, Inc 

3:50 Unsteady Flow Modeling With HEC-RAS, 
Brunner, G and Forest, M, US Army Corps of 
Engineers 

4:10 Effects of a Simulated Change in Land Cover on 
Surface-water Velocity Distribution at a Bridge 
in Southeastern Arkansas, Barks, C and 
Funkhouser, J, US Geological Survey 

4:30 Simulations of Secondary Helical Flows in Curved 
Channels Affected by Submerged Bendway 
Weirs, Jia, Y et al, University of Mississippi 

4:50 Use of Velocity Data to Calibrate and Validate 
Two-Dimensional Hydrodynamic Models , 
Wagner, C and Mueller, D, US Geological 
Survey 

 
5:30 – 7:00 Reception Royale 2 
 
 

TUESDAY, JULY 30 
 

Speakers Breakfast, 7:30 am Capri 112/113 
 
 
SESSION 3A Royale 1 
Agency Specific Hydrologic Modeling Practices I  
Moderator:  Edith Zagona, University of Colorado  
8:30 Using the Object Modelling System for Future 

Proof Hydrological Model Development and 
Application, David, O and Krause, P, Colorado 
State University 

8:50 Distributed Data Sharing and Module Integration 
Framework, Pelton, M and Dorow, K, Pacific 

Northwest National Laboratories 
9:10 Dynamic Information Architecture System (DIAS): 

Multiple Model Simulation Management, 
Simunich, K et al, Argonne National 
Laboratories 

9:30 Finding a Common Data Representation and 
Interchange Approach for Multimedia Models, 
Fine, S, Environmental Protection Agency 

 
SESSION 3B  Royale 3 
Model Sensitivity Analysis And Error Estimates  
Moderator:  Donald Frevert, US Bureau of Reclamation  
8:30 Great Lakes Evaporation Model Sensitivities and 

Errors, Croley, T and Assel, R, National Oceanic 
and Atmospheric Administration 

8:50 KINEROS2 - A Distributed Kinematic Runoff and 
Erosion Model, Goodrich, D et al, USDA - 
Agricultural Research Service 

9:10 A Sensitivity Study of Roughness Parameters with 
Variable Infiltration Variability (VIC) Land 
Surface Model, Huang, M and Liang, X, 
University of California – Berkeley       
**PAPER WITHDRAWN** 

9:30 Bias in Runoff Parameter Estimation Induced by 
Rainfall Data, Straub, T and Bednar, R, US 
Geological Survey 

 
SESSION 3C Royale 4 
Flood Hydrology III  
Moderator:  Dan Moore, Natural Resources Conservation 
Service 

 

8:30 The New USDA-NRCS WinTR-55 Small 
Watershed Hydrology Model, Scheer, C and 
Visser, K, USDA – Natural Resources 
Conservation Service 

8:50 A Comprehensive Frequency Analysis is Presented 
on the Llano River in the Colorado River Basin 
of Texas, Reis, B et al, Espey Consultants  
**PAPER WITHDRAWN** 

9:10 A GIS Flood Inundation Map Based on a Dynamic 
Wave (FLDWAV) Simulation of the October 
1998 Flood on the Lower Guadalupe River, 
Texas, Shultz, M, National Weather Service 

9:30  
 
SESSION 3D Royale 7 
Modeling Water Quality I  
Moderator:  Arlen Feldman, US Army Corps of 
Engineers 

 

8:30 Willamette River and Columbia River Waste Load 
Allocation Model, Berger, C et al, Portland State 
University 

8:50 Mattawoman Creek Watershed Water  Quality 
Study, Deliman, P et al, US Army Corps of 
Engineers 

9:10 Total Maximum Daily Load Modeling System for 
the Grand Calumet Watershed, Indiana, Bunch, B 
et al, US Army Corps of Engineers        
**PAPER WITHDRAWN** 

9:30 Development of a Cost-effective NPS Pollution 
Control Strategy for TMDL Implementation by 
Applying AGNPS and Optimization Technique, 
Zhen, J and Yu, S, University of Virginia  **NO 
PAPER** 

 
10:00 BREAK – Royale 2 
 



 
SESSION 4A Royale 1 
Agency Specific Hydrologic Modeling Practices II  
Moderator: Darrell Fontane, Colorado State University  
10:30 Infusing New Science into the National Weather 

Service River Forecast System, Carter, G, 
National Weather Service 

10:50 Recent Developments in the RiverWare Modeling 
Tool, Zagona, E et al, University of Colorado  
**NO PAPER** 

11:10 Colorado's Decision Support Systems Water 
Resource Planning Model, StateMod, Bennett, R, 
and Malers, S, Colorado State Engineer’s Office 

11:30 HEC Software – Present Status and Activities, 
Future Prospects, Davis, D, US Army Corps of 
Engineers 

 
SESSION 4B  Royale 3 
Uncertainty Estimates For Data, Parameters, And Results 
I 

 

Moderator:  Vijay P. Singh, Louisiana State University  
10:30 Application of GLUE to HSPF on Goodwin Creek, 

Skahill, B et al, US Army Corps of Engineers 
10:50 Effect of the DTM Generation Method on Effective 

Parameters and Performance of the MIKE SHE 
Code Applied to a Medium Size Catchment, 
Vazquez, R and Feyen J, Institute of Land and 
Water Management  **PAPER 
WITHDRAWN** 

11:10 Long-term Salinity Prediction with Uncertainty 
Analysis: Application for the Colorado River 
near Glenwood Springs, CO, Prairie, J et al, 
University of Colorado 

11:30 Comparing Semianalytical and Numerical 
Groundwater Contaminant Transport Modeling, 
Whelan, G et al, Pacific Northwest National 
Laboratories 

 
SESSION 4C Royale 4 
Flood Hydrology IV  
Moderator:  Sean Smith, US Army Corps of Engineers  
10:30 Studying the Flood Frequency Based on 

Continuous Simulations, Straub, T and Soong, D, 
US Geological Survey                             
**PAPER WITHDRAWN** 

10:50 Identification and Assessment of Regional 
Frequency Distribution - A Case Study, 
Upadhyaya, P and Minocha V, Delhi College of 
Engineering 

11:10 Determination of Flood Frequency of the Missouri 
River Below Gavins Point Dam, Kay, R, US 
Army Corps of Engineers 

11:30  
 
SESSION 4D Royale 7 
Modeling Water Quality II  
Moderator: Stewart Rounds, U.S. Geological Survey  
10:30 An Operations Model for Temperature 

Management of the Truckee River, Neumann, D 
et al, University of Colorado 

10:50 The Bull Run River-Reservoir System Model, 
Annear, R and Wells, S, Portland State 
University 

11:10 Modeling of Water Quantity and Quality at 
Catchment Scale, El-Sadek, A et al, Institute of 
Land and Water Management **NO PAPER** 

11:30 Accurate Modeling of Water Quality Transport in 
Open Channels, Patel, R and Misra, R, SVR 

College 
 
12:00 Lunch on your own 
 
 
SESSION 5A Royale 1 
Agency Specific Hydrologic Modeling Practices III  
Moderator:  S.K. Nanda, US Army Corps of Engineers  
1:30 Development of Integrated Water Resources 

Modeling, Assessment, and Decision Support 
Tools, Holland, J et al, US Army, Corps of 
Engineers  **NO PAPER** 

1:50 An overview of USDA-ARS Water Quality 
Models, vanGenuchten, M et al, USDA – 
Agricultural Research Service **NO PAPER** 

2:10 Overview and Status of the Hydrologic Forecast 
System in the National Weather Service Weather 
Forecast Offices, Glaudemans, M, National 
Weather Service 

2:30 Application of the HEC-6 Model to Evaluate the 
Potential Effects of Ecosystem Restoration 
Projects, Bhowmik, N et al, Illinois State Water 
Survey 

 
SESSION 5B  Royale 3 
Uncertainty Estimates For Data, Parameters, And Results 
II 

 

Moderator:  Chris Dunn, US Army Corps of Engineers  
1:30 History, State-of-the-Art, and Future Trends in 

Watershed Modeling, Singh, V and Frevert, D, 
Louisiana State University 

1:50 Impact of Parametric and Radar-Rainfall 
Uncertainty on Flow Simulations From a 
Distributed Hydrologic Model, Carpenter, T and 
Georgakakos. K, Hydrologic Research Center 

2:10 Surface Runoff and Infiltration with Run-on on 
Spatially Variable Hillslopes, Nahar, N and 
Govindaraju, R, Purdue University 

2:30 A Reliability Estimation in Hydrological Modeling 
with TOPMODEL, Rouabah, M, Gembloux 
Agricultural University **NO PAPER** 

 
SESSION 5C Royale 4 
Modeling Of Major River Systems  
Moderator:  Dudley McFadden, David Ford Consultants  
1:30 Great Lakes Large Basin Runoff Model, Croley, T 

and He, C, National Oceanic and Atmospheric 
Administration 

1:50 Water Availability Modeling across Four State 
Boundaries, Harkins, D et al, Espey Consultants 

2:10 A Development Framework for Two-Dimensional 
Large Basin Operational Hydrologic Models, He, 
C and Crowley, T, National Oceanic and 
Atmospheric Administration 

2:30 Development of Kansas River Basin Hydrology in 
Support of the Missouri River Flow Frequency 
Study, Owens, A et al, HNTB Corporation 

 
SESSION 5D Royale 7 
Modeling Water Quality III  
Moderator:  Jerry Webb, US Army Corps of Engineers  
1:30 Using Artificial Neural Network Models to 

Estimate Water Temperatures in Small Streams 
in Western Oregon, Risley, J and Roehl. E, US 
Geological Survey 

1:50 Development of a Neural Network Model for 
Dissolved Oxygen in the Tualatin River, Oregon, 



Rounds, S, US Geological Survey 
2:10 Development of a Dissolved Oxygen Model for the 

Beaufort River using Neural Network Models, 
Conrads, P et al, US Geological Survey       
**NO PAPER** 

2:30 Basis for the CE-QUAL-W2 Version 3 River Basin 
Hydrodynamic and Water Quality Model, Wells, 
S, Portland State University 

 
4:30 – 9:00 PM SESSION 6, Royale 2 
Demonstrations,  
Moderator: Roland Viger, U.S. Geological Survey 
HEC-GeoRAS version 3.1: GIS Support for Hydraulic 

Modeling and Analysis, Ackerman, C, US Army Corps of 
Engineers 

HEC RAS: the Corps’ River Analysis System, Brunner, G, 
US Army Corps of Engineers 

HEC-GeoHMS version 1.1: GIS Support for Hydrologic 
Modeling and Analysis, Doan, J, US Army Corps of 
Engineers 

HEC HMS: the Corps' Hydrologic Modeling System, 
Scharffenberg, W, US Army Corps of Engineers 

Corps Water Management System, Charley, W, et al, US 
Army Corps of Engineers 

Upper Rio Grande Water Operations Review and 
Environmental Impact Statement and URGWOM, 
Stockton, G, US Army Corps of Engineers 

Recent Developments in the RiverWare Modeling Tool, 
Zagona, E,  et al, University of Colorado 

Modeling Water Operations On The Rio Grande In New 
Mexico, Yuska, M, US Bureau of Reclamation 

The Modular Modeling System (MMS): A Toolbox for 
Water and Environmental Resources Management, 
Leavesley, G, et al, US Geological Survey 

The GIS Weasel, Viger, R, et al US Geological Survey 
The Object Modeling System (OMS), David, O, et al 

Colorado State University 
The U.S. EPA’s Multimedia Integrated Modeling System 

Framework, Fine, S, Environmental Protection Agency 
Simulating Water Storage, Delivery Temperature and Fish 

Production in the Klamath River, Campbell, S, et al, US 
Geological Survey 

Environmental Resources Analysis System, Flug, M, Et al, 
US Geological Survey 

A Multidimensional Surface Water Modeling System for 
Computational Models of Flow and Transport in 
Channels, McDonald, R, et al, US Geological Survey 

Catchment Geometric Representation and Identification of 
Sediment Yield Parameters in a Distributed Catchment 
Model, Canfield, H et al, USDA, Agricultural Research 
Service 

AGWA - Automated Geospatial Watershed Assessment: A 
GIS-Based Hydrologic Modeling Tool, Miller, S, USDA, 
Agricultural Research Service 

KINEROS2: A Distributed Kinematic Runoff and Erosion 
Model, Goodrich, D, USDA, Agricultural Research 
Service 

Demonstration of the ARS-Bank-Stability Model (Ver. 2.0), 
Simon, A, et al, USDA, Agricultural Research Service 

CONCEPTS: A Process-Based Computer Model of Instream 
Hydraulic and Geomorphic Processes, Langendoen, E, 
USDA, Agricultural Research Service 

The HYDRUS software packages for simulating water, van 
Genuchten, M, et al, USDA, Agricultural Research 
Service 

The Rosetta Model, van Genuchten, M et al, USDA, 
Agricultural Research Service 

National Weather Service Site Specific Hydrologic 
Modeling and Forecasting , Brazil, L et al, Riverside 
Technologies 

FLDVIEW: The NWS Flood Forecast Mapping Application, 
Cajina, N et al, National Oceanic and Atmospheric 
Administration 

Demonstration of the NOHRSC Operational Snow 
Mass/Energy Balance Model for the Continental U.S., 
Cline, D et al, National Weather Service 

Verification of National Weather Service River Stage 
Forecasts, Welles, E, et all, National Weather Service 

The Evolution of GIS Based Hydrologic Model Integration 
and Object Oriented Model Interface Design at the U.S. 
Bureau of Reclamation, Heinzer, T et al, US Bureau of 
Reclamation 

Data Sharing: A GIS Approach, Rieker, J, et al, US Bureau 
of Reclamation 

GSTARS 2.1 (Generalized Stream Tube model for Alluvial 
River Simulation) version 2.1, Simoes, F, US Bureau of 
Reclamation 

Multi-objective Simulation and Optimization of Reservoir 
Operation using EXCEL, Fontane, D, Colorado State 
University 

The 2002 Version of SAMS - Stochastic Analysis Modeling 
and Simulation, Salas, J et al, Colorado State University 

CCHE2D Flow and Sediment Transport Model with 
Graphical User Interface, Khan, A, et al, University of 
Mississippi 

CCHE1D - Flow and Channel Morphology Model for 
Channel Networks, Vieriera, D and Wang, S, University 
of Mississippi 

XP-SWMM2000 Wastewater and Stormwater decision 
support system, Carr, B, XP Software 

Dam Removal Express Assessment Models (DREAM), Cui, 
Y, et al, Stillwater Sciences 

Hydrological Assessment System for Reservoir Spillway 
Capacity, Jeong, C, Yonsei University 

Risk of Failure Analysis Based on the GEV Distribution, 
Heo, J et al, Yonsei University 

Demonstration of DHI Modeling systems, Kjelds, J, et al, 
Danish Hydraulic Institute 

Vflo: A Real-time Distributed Hydrological Model, Vieux B 
et al, Vieux and Associates 

Demonstration of the Corps of Engineers Multi-dimensional 
Hydrologic Modeling System, Edris, E et al, US Army 
Corps of Engineers 

 
6:30 – 8:00 PM Dinner, Royale 1, 3, & 4 
 

WEDNESDAY, JULY 31 
 

Speakers Breakfast, 7:30 am Capri 112/113 
 
SESSION 7A Royale 1 
Agency Specific Hydrologic Modeling Practices IV  
Moderator: Jeff Rieker, US Bureau of Reclamation  
8:30 National Weather Service Site Specific Hydrologic 

Modeling and Forecasting, Brazil, L et al, 
Riverside Technologies 

8:50 Predicting System Response in Watersheds with 
Surface Water and Groundwater Interactions, 
Downer, C et al, US Army Corps of Engineers 

9:10 Corps Water Management System Decision 
Support Modeling, Charley, W and Evans, T, US 
Army Corps of Engineers 

9:30 MIKE SHE – A Generalized Integrated 
Hydrological Modeling System, Kjelds, J et al, 
Danish Hydraulic Institute **NO PAPER** 

 
 



 
SESSION 7B  Royale 3 
Environmental Modeling  
Moderators:  Marshall Flug and Sharon Campbell, US 
Geological Survey 

 

8:30 Evaluating Water Allocations for Drought 
Management, Campbell, S et al, US Geological 
Survey 

8:50 The Ecosystem Functions Model (EFM), Dunn, C 
et al, US Army Corps of Engineers 

9:10 Complexities of Ecosystem and River Management 
Decisions, Flug, M et al, US Geological Survey 

9:30 Modeling Annual Forest Water Yield and 
Evapotranspiration Across the Southern US, Sun, 
G et al, USDA Forest Service 

 
SESSION 7C Royale 4 
Agricultural Modeling I  
Moderator: Jon Werner, Natural Resources 
Conservations Service 

 

8:30 Discussion of the Benefits and Limitations of the 
Models AGNPS and AnnAGNPS, Finney, V, 
USDA, Natural Resource Conservation Service 

8:50 Application of AGNPS on Small and Large Scale 
Watersheds for Conservation Management 
Planning, Bingner, R and Theurer, F, USDA, 
Natural Resource Conservation Service        
**NO PAPER** 

9:10 Physics of Suspended Sediment Transport in 
AnnAGNPS, Bingner, R and Theurer, F, USDA, 
Natural Resource Conservation Service 

9:30 Subsurface Flow Component Development for 
AnnAGNPS, Yuan, Y and Bingner, R, USDA, 
Agricultural Research Service 

 
SESSION 7D Royale 7 
Reservoir Management  
Moderator:  Larry Murphy, US Army Corps of Engineers  
8:30 Multi-objective Simulation and Optimization of 

Reservoir Operation using EXCEL, Fontane, D, 
Colorado State University 

8:50 HEC-ResSim Capabilities and Plans, Klipsch, J and 
DeGeorge, J, US Army Corps of Engineers 

9:10 Optimizing Daily Reservoir Scheduling at TVA 
with RiverWare, Magee, T et al, University of 
Colorado 

9:30  
 
10:00 BREAK – Royale 2 
 
SESSION 8A Royale 1 
Agency Specific Hydrologic Modeling Practices V  
Moderator:  Dag Lohmann, National Weather Service  
10:30 Hydrologic Modeling System (HEC-HMS) New 

Capabilities and Future Plans, Scharffenberg, W 
et al, US Army Corps of Engineers 

10:50 Distributed Modeling for Improved NWS River 
Forecasts, Reed, S et al, National Weather 
Service 

11:10 Integrated Water Resources Modeling And Object 
Oriented Code Architecture, Sørensen, H and 
Kjelds, J, Danish Hydraulic Institute            
**NO PAPER** 

11:30 Probabilistic Hydrologic Forecasting: An Ensemble 
Approach, Herr, H et al, National Weather 
Service 

 

SESSION 8B  Royale 3 
Landscape, Erosion; and Sediment Transport I  
Moderator:  Cameron Ackerman, US Army Corps of 
Engineers 

 

10:30 Catchment Geometric Representation and 
Identification of Sediment Yield Parameters in a 
Distributed Catchment Model, Canfield, H et al, 
USDA, Agricultural Research Service 

10:50 Simulation of Meandering Channel Migration 
Processes With an Enhanced Two-dimensional 
Numerical Model, Duan, J, Desert Research 
Institute 

11:10 CCHE2D Nonuniform Sediment Transport Model, 
Wu, W and Wang, S, University of Mississippi 

11:30  
 
 
SESSION 8C Royale 4 
Agricultural Modeling II  
Moderator: Darius Semmens, Agricultural Research 
Service 

 

10:30 The HYDRUS Software Packages for Simulating 
Water, Heat, and Solute Movement in the 
Subsurface: Features, Recent Applications, and 
Future Plans, Simunek, J and van Genuchten, R, 
USDA, Agricultural Research Service 

10:50 Point and Field Scale Simulation Models for 
Decision Support of  Midwestern Agricultural 
Water Quality, Heilman, P et al, USDA, 
Agricultural Research Service **NO PAPER** 

11:10 Pesticide Fate and Transport Modeling: An 
Approach for ARS Water Quality Models at 3 
Scales, Wauchope, D et al, USDA, Agricultural 
Research Service **NO PAPER** 

11:30 Kankakee River State Line Project, Analysis of 
Sediment Removal Alternatives, Hrzic, M, US 
Army Corps of Engineers 

 
 
SESSION 8D Royale 7 
Model Applications I  
Moderator:  Ted Perkins, US Army Corps of Engineers  
10:30 Calibrating and Validating Hydrologic Model 

Performance for a Forested Watershed in a Snow 
Regime: The Dueling Model Mica Creek 
Watershed Study, Ice, G et al, NCASI 

10:50 Estimating Best Management Practice Effects on 
Water Quality in the Town Brook Watershed, 
New York, Gitau, M.W. et al, Penn State 
University 

11:10 Use of Hydrological Models When Designing 
Water Projects in Turkmenistan, Vecher, A et al, 
Engineering Consulting Center **NO PAPER** 

11:30 Assessing the Performance  of a Hydrological 
Model Using GIS, El-Nasr, A et al, Institute of 
Land and Water Management 

 
12:00 Lunch on your own 
 
SESSION 9A Royale 1 
Landscape, Erosion, and Sediment Transport II  
Moderator: Jim Bennett, U.S. Geological Survey  
1:30 CONCEPTS: A Process-Based Computer Model of 

Instream Hydraulic and Geomorphic Processes, 
Langendoen, E, USDA, Agricultural Research 
Service 

 



1:50 Physically-Based Distributed Modeling of Event-
Scale Erosion: The Relationship Between 
Rainfall Erosivity and Suspended Sediment 
Discharges, Daraio, J and Ogden, F, University 
of Connecticut 

2:10 Sedimentation Study of the South Delta, California, 
Klumpp, C, US Bureau of Reclamation 

2:30  
 
 
 
SESSION 9B  Royale 3 
Statistical And Stochastic Hydrology I  
Moderator:  John England, US Bureau of Reclamation  
1:30 The 2002 Version of SAMS: Stochastic Analysis 

Modeling and Simulation, Salas, J et al, Colorado 
State University 

1:50 CORRDSS - Hydrologic Time-series Cross 
Correlation, Doan, W, US Army Corps of 
Engineers 

2:10 Disaggregation of Intermittent Stochastic 
Processes, Durrans, S, University of Alabama  
**NO PAPER** 

2:30 Modeling of Hydrological Series and Level of 
River Water Pollution with the Help of Multi-
Dimensional Markov Series, Kachiashvili, K, 
Vechua Institute 

 
SESSION 9C Royale 4 
Model Applications II  
Moderator: Earl Edris, US Army Corps of Engineers  
1:30 Development of the NOAH Land Surface Model at 

NCEP/EMC, Lohmann, D et al, National 
Weather Service  **NO PAPER** 

1:50 GIS-based Hydrologic Modeling: The Automated 
Geospatial Watershed Assessment Tool, Miller, 
S et al, USDA, Agricultural Research Service 

2:10 Simulation of Channel Losses and Recharge For an 
Aquifer Recharge Zone Watershed Using HSPF, 
Ockerman, D, US Geological Survey           
**NO PAPER** 

2:30 XTOP_PRMS, a Semi-distributed Model for 
Simulating Hydrologic Processes: Model 
Application and Results for the Five USGS 
Water, Energy, and Biogeochemical Budgets 
(WEBB) sites, Webb, R et al, US Geological 
Survey  **NO PAPER** 

 
SESSION 9D Royale 7 
Dam Safety And Decommissioning  
Moderator: Shyang-Chin Lin, Federal Energy Regulatory 
Commission 

 

1:30 2-D Model for Dam Decommissioning, Delcau, M 
and Greimann, B, US Bureau of Reclamation 
**NO PAPER** 

1:50 Removing Matilija Dam's Sediment, Greimann, B 
et al, US Bureau of Reclamation **NO 
PAPER** 

2:10 Development of Design Storm for Spillway 
Remediation of Dams in Nicaragua, Webb, J and 
Stout, S, US Army Corps of Engineers 

2:30 Demonstration of Portfolio Risk Assessment For 
Huntington District Dams, Webb, J et al, US 
Army Corps of Engineers                       
**PAPER WITHDRAWN** 

 
3:00 BREAK – Royale 2 

 
 
SESSION 10A Royale 1 
Landscape, Erosion, and Sediment Transport III  
Moderator:  Cassie Klumpp, US Bureau of Reclamation  
3:30 Rates and Processes of Knickpoint Retreat in an 

Unstable River System: Yalobusha River Basin, 
Mississippi, Collison, A et al, USDA, 
Agricultural Research Service 

3:50 Forest Road Erosion, Sediment Transport and 
Model Validation in the Southern Appalachians, 
Riedel, M and Vose, J, USDA, Forest Service 

4:10 Grid Resolution Effects on Upland Erosion 
Predictions, Rojas, R and Julien, P, Colorado 
State University 

4:30 Incorporating Bank-Toe Erosion by Hydraulic 
Shear into the ARS Bank-Stability Model, 
Simon, A et al, USDA, Agricultural Research 
Service 

4:50 Sediment Transport Model for Natural River with 
Floodplains, Huang, V et al, US Bureau of 
Reclamation 

 
SESSION 10B Royale 3 
Statistical And Stochastic Hydrology II  
Moderator: Jose D. Salas, Colorado State University  
3:30 Simplified Probabilistic Extreme Flood 

Hydrographs for Dam Safety, England, J, US 
Bureau of Reclamation 

3:50  
4:10 Hydrological Prediction/Forecasting Modeling 

Using Computational Intelligent Techniques, 
Hsieh, B, US Army Corps of Engineers 

4:30 QGEN - Generation of Annual Peak Flow Data, 
Doan, W, US Army Corps of Engineers 

 
SESSION 10C Royale 4 
Model Applications III  
Moderator:  Shawn Scully, South Florida Water 
Management District 

 

3:30 A New Model To Predict Runoff  From Wetland 
Regions, Kreymborg, L et al, WEST Consultants 

3:50 Hydrologic Modeling Of San Diego Creek 
Watershed, Orange County, California, Chieh, J 
et al, US Army Corps of Engineers 

4:10 Optimization of Competing Water Demands in the 
Big Sandy Basin, Webb, J et al, US Army Corps 
of Engineers 

4:30 A Hydrologic Forecast and Reservoir Operations 
Model for the Winnipesaukee River, NH, 
Woodbury, M et al, Riverside Technology 

4:50 Planning Water Allocation in River Basins, 
Aquarius: A Systems Approach, Brown, T et al, 
USDA, Forest Service  

 
SESSION 10D Royale 7 
Remote Sensing and GIS I  
Moderator: Tom Evans, US Army Corps of Engineers  
3:30 Satellite Microwave Remote Sensing of Soil 

Moisture: Current and Future Data for 
Hydrology, Jackson, T, USDA, Agricultural 
Research Service 

3:50 FLDVIEW: The NWS Flood Forecast Mapping 
Application, Cajina, N et al, National Weather 
Service 

4:10 Implementation of a Real-Time Flood Mapping 
System in Honduras, Day, G et al, Riverside 
Technology 



 
4:30 HEC-GeoRAS Version 3.1: GIS Support for 

Hydraulic Modeling and Analysis, Ackerman, C 
and Brunner, G, US Army Corps of Engineers 

4:50 HEC-GeoHMS Version 1.1: GIS Support for 
Hydrologic Modeling and Analysis, Doan, J and 
Feldman, A, US Army Corps of Engineers 

 
 
 

THURSDAY, AUGUST 1 
 

Speakers Breakfast, 7:30 am Capri 112/113 
 
 
SESSION 11A  Royale 7 
Florida Ecosystems I  
Moderator: Jerad Bales, U.S. Geological Survey  
8:30 Overview of the "Tides and Inflows in the 

Mangroves of the Everglades" (TIME) Project of 
the U.S. Geological Survey's South Florida 
Ecosystem Program, Schaffranek, R et al, US 
Geological Survey 

8:50 Linkage of Hydrologic and Ecological Models: 
SICS and ALFISHES, Cline, J and Swain, E, 
University of Tennessee 

9:10 Numerical Simulation of Integrated Surface-
Water/Ground-Water Flow and Solute Transport in 
the Southern Everglades, Florida, Langevin, C et al, 
US Geological Survey 

9:30 Evapotranspiration Rates From Two Different 
Sawgrass Communities In South Florida During 
Drought Conditions, German, E and Sumner, D, 
US Geological Survey 

 
SESSION 11B Royale 3 
Runoff Estimations Using Curve Numbers  
Moderator:  Pete Hawkins, University of Arizona  
8:30 Curve Number Methods: Origins, Applications, and 

Limitations, Woodward, D et al, USDA, Natural 
Resources Conservation Service 

8:50 Runoff Curve Number Method: Beyond the 
Handbook, Van Mullem, J et al, USDA, Natural 
Resources Conservation Service 

9:10 Runoff Curve Number Method: Examination of the 
Initial Abstraction Ratio, Hawkins, R et al, 
University of Arizona 

9:30 Rainfall-runoff by Curve Numbers: Does it Work? 
Is it Science? Hawkins, R et al, University of 
Arizona  

 
 
SESSION 11C Royale 4 
Remote Sensing/GIS II  
Moderator:  Tim Pangburn, US Army Corps of Engineers  
8:30 The Evolution of GIS Based Hydraulic/Hydrologic 

Model Integration and Object Oriented Model 
Interface Design at the U.S. Bureau of 
Reclamation, Heinzer, T et al, US Bureau of 
Reclamation 

8:50 Methods and Tools For The Development of 
Hydrologically Conditioned Elevation Data and 
Derivatives For National Applications, Kost, J et al, 
US Geological Survey 

9:10 Filtering LIDAR Digital Elevation Data for 
Hydraulic Modeling and Flood Plain Delineation, 

Nelson, J. et al, Brigham Young University 
 

9:30 ARC-VIEW GIS Interface for the Agricultural 
Non-Point Source Pollutant Model (AGNPS), Liu, 
S and Merkel, W, USDA, Natural Resource 
Conservation Service 

 
SESSION 11D Royale 1 
Case Studies Of Interagency Cooperation In Hydrologic 
Modeling 

 

Moderator: Greg Koltun, U.S. Geological Survey  
8:30 Application of a Distributed, Physically Based, 

Hydrologic Model to Improve Streamflow 
Forecasts in the Upper Part of the Truckee River 
basin, Boyle, D et al, Desert Research Institute 
**NO PAPER** 

8:50 An Evaluation of Real-time Streamflow Forecasts 
from a Distributed, Physically Based, Hydrologic 
Model Applied in the Upper Rio Grande Basin, 
Gorham, T et al, Desert Research Institute       
**NO PAPER** 

9:10 Watershed and River Systems Management 
Program -- Assessment of Runoff Forecasts for the 
Yakima Project, Washington, Mastin, M et al, US 
Geological Survey 

9:30 Modeling Water Operations On The Rio Grande In 
New Mexico, Yuska, M, US Bureau of 
Reclamation  **NO PAPER** 

 
10:00 BREAK – Royale 2 
 
SESSION 12A Royale 7 
Florida Ecosystems II  
Moderator: Raymond Schaffranek, U.S. Geological 
Survey 

 

10:30 A High Resolution Precipitation Database for 
Florida, Fuelberg, H et al, Florida State University 

10:50 Application of the Everglades Agro-Hydrology 
Computer Model (EAHM) on South Florida Farm 
Fields, Savabi, M and Shinde, D, USDA, 
Agricultural Research Service **NO PAPER** 

11:10 Simulation of Effects of Changes in Freshwater 
Inflow on Salinity Distributions:Suwannee River 
Estuary, Florida, Bales, J, US Geological Survey 
**NO PAPER** 

11:30 An Integrated Modeling Approach for Coastal 
Ecosystems Restoration, Wan, Y et al, South 
Florida Water Management District 

 
SESSION 12B  Royale 3 
California Central Valley Modeling Topics  
Moderator: George Matanga, US Bureau of Reclamation  
10:30 CALSIM: A Generalized Modeling Tool for 

Complex Reservoir System Operations Simulation, 
Arora, S et al, California Department of Water 
Resources  **NO PAPER** 

10:50 CALSIM II: Next Generation Model for the 
Planning and Management of California's State 
Water Project and Central Valley Project, Arora, S 
et al, California Department of Water Resources 
*NO PAPER** 

11:10 Analysis of Potential Hydrological Responses to 
Climate Change within the San Joaquin River 
Basin, Bashford, K et al, Lawrence Berkeley 
National Laboratories 

11:30 The Development of Hydrologic Models using 
HEC-HMS for the Sacramento and San Joaquin 
River Basins Comprehensive Study, Dunn, C and 



Collins, B, US Army Corps of Engineers 
 

11:50 Simulation of Potential Climate Change Impacts on 
Water Resources, Water Quality, Agricultural 
Production and the Rural Economy in the San 
Joaquin River Basin, Hidalgo, H et al, University of 
California – Berkeley   **NO PAPER** 

 
 
SESSION 12C Royale 4 
Remote Sensing/GIS III  
Moderator: Ron Simms, U.S. Bureau of Reclamation  
10:30 AGNPS Watershed Modeling with GIS Databases, 

Finn, M. et al, US Geological Survey 
10:50 Data Sharing: A GIS Approach, Rieker, J et al, US 

Bureau of Reclamation 
11:10 Application of Geographical Information System 

(GIS) Technologies for the Marlinton Local 
Protection Project, Smith, S and Webb, J, US Army 
Corps of Engineers 

11:30 Assessment of Watershed Management on 
Reservoir Eutrophication: An Integrated GIS-Based 
Modeling Approach, Tsou, M et al, Kansas 
Geological Survey **PAPER WITHDRAWN** 

11:50 Multivariable, Multi-process Validation of 
Hydrological Models, Lakshmi, V, University of 
South Carolina  **NO PAPER** 

 
12:00 Lunch on your own 
 
1:00 – 5:00 PM Short Courses 
 



 

 
 
 
 
 
 
 





 
FIHMC Program at a Glance 
Sunday     
7:30 - noon Field Trip to Hoover Dam    
8:30 -12:30 Clark County Flood Control District and Lower Las Vegas Wash Filed Trip    
8:00 – 5:00 Short Course: GSTARS – Capri 115/116    
9:00 – 4:00 Short Course: EXCELLENT – Capri 112/113 Short Course: MIKE SHE/MIKE 11 – Capri 111   
5:30 – 7:30 Opening Reception – Royale 2    
Monday Royale 1 Royale 3 Royale 4 Capri 115/116 
9:30 - noon Opening Session    
1:30 – 3:00 Hydrologic Database Issues  Hillslope Hydrologic  Modeling  Flood Hydrology  I Interagency MOU on Multimedia 

Environmental Models 
3:30 – 5:00 New Observations and Data 

for Modeling 
Identifying Model Parameters Flood Hydrology  II River Flow Modeling 

5:30 – 7:00 Reception    
Tuesday Royale 1 Royale 3 Royale 4 Royale 7 
8:30 – 10:00 Agency Specific Hydrologic 

Modeling Practices I 
Modeling Sensitivity and Error 
Estimation 

Flood Hydrology III Modeling Water Quality I 

10:30 - 
noon 

Agency Specific Hydrologic 
Modeling Practices II 

Uncertainty Estimates for Data, 
Parameters, & Results  I 

Flood Hydrology IV Modeling Water Quality II 

1:30 – 3:00 Agency Specific Hydrologic 
Modeling Practices III 

Uncertainty Estimates for Data, 
Parameters, & Results  II 

Modeling of Major River Systems Modeling Water Quality III 

4:30 – 9:00 Computer Demo’s and Dinner    
Wednesday Royale 1 Royale 3 Royale 4 Royale 7 
8:30 – 10:00 Agency Specific Hydrologic 

Modeling Practices IV 
Environmental Modeling Agricultural Modeling I Reservoir Management 

10:30 - 
noon 

Agency Specific Hydrologic 
Modeling Practices V 

Landscape, Erosion and Sediment 
Transport I 

Agricultural Modeling II Model Applications I 

1:30 – 3:00 Landscape, Erosion and 
Sediment Transport II 

Statistical and Stochastic Hydrology 
I 

Model Applications II Dam Safety and Decommissioning 

3:30 – 5:00 Landscape, Erosion and 
Sediment Transport III 

Statistical and Stochastic Hydrology 
II 

Model Applications III Remote Sensing and GIS I 

Thursday Royale 1 Royale 3 Royale 4 Royale 7 
8:30 – 10:00 Case Studies, Interagency 

Cooperation 
Runoff Estimations Using Curve 
Numbers 

Remote Sensing and GIS II Florida Ecosystems I 

10:30 -noon  California Central Valley Modeling Remote Sensing and GIS III Florida Ecosystems II 
1:00 – 5:00 Short Course: ArcHydro – Capri 112  Short Course: SAMS-02 – Capri 113  
 
Breaks – Royale 2: Monday, 8 – 9, 3 - 3:30;  Tuesday, 10 – 10:30;  Wednesday 10 – 10:30, 3 – 3:30;  Thursday 10 – 10:30



 



 
SESSION 1A -  Hydrologic Database Issues Including Standards And 
Quality 

THE INGEST, QUALITY CONTROL, AND PROCESSING OF 
HYDROMETEOROLOGICAL DATA AT NATIONAL WEATHER SERVICE 

FIELD OFFICES 
 
Mark J. Glaudemans, AWIPS Software Group Leader, National Weather Service, 

National Oceanic and Atmospheric Administration, Silver Spring, MD 
 
Abstract:  The mission of the National Weather Service (NWS) includes providing 
hydrologic forecasts and warnings for the protection of life and property.  An additional 
component of the NWS mission is to provide data for a national information database and 
infrastructure which can be used by other governmental agencies, the private sector, the 
public, and the global community.  Both mission components are completely dependent 
on the timely and reliable availability of large volumes of hydrometeorological data, in a 
form usable by the many applications which process the data, and in a form which can be 
readily disseminated to external users of the data.  As part of the Advanced Weather 
Interactive Processing System (AWIPS) operating within each of the NWS field offices, 
there exists a set of software components for ingesting and decoding the incoming data 
sets, for performing quality control on the data, for monitoring the data for indications of 
potentially hazardous conditions, and for processing and posting of the data in a relational 
database from which display and forecasting applications can use the data.  While these 
systems emphasize the internal use of this data, applications are also provided which 
allow the distribution and dissemination of this data.  In addition, the design of the 
database architecture and data processing infrastructure allows for the development of 
local applications to perform specialized tasks unique to the local offices.  Together these 
systems meet the data needs of the NWS Weather Forecast Offices and the River 
Forecast Centers.  This paper will describe the flow of hydrometeorological data in the 
NWS field office from its entry point into the local AWIPS systems, to the processing 
and storage of the data in the respective database(s), and to the exit point of data to 
external systems. 
 



 
INFORMATION SYSTEMS DEVELOPMENT TECHNIQUES AND THEIR 

APPLICATION TO THE HYDROLOGIC DATABASE DERIVATION 
APPLICATION 

 
By Paul Davidson, Hydrologic Engineer, USBR Upper Colorado Regional Office, 
Salt Lake City, UT; Rich Hedrich, Hydrologic Engineer, USBR, Lower Colorado 
Regional Office, Boulder City, NV; Tom Leavy, Professional Research Assistant, 

University of Colorado, Center for Advanced Decision Support for Water and 
Environmental Systems; Warren Sharp, Hydrologic Engineer, USBR Columbia 

Area Office, Yakima, WA; Neil Wilson, Professional Research Assistant, University 
of Colorado, Center for Advanced Decision Support for Water and Environmental 

Systems 
 

Abstract:  The proper collection, storage and availability of data are fundamental to the 
USBR decision-making process.  Key elements of these data are consistency and 
completeness.  In order to achieve these goals, the USBR has retained CADSWES to 
develop a data derivation application that will provide user-defined data transformations 
on sets of detail data to populate more aggregated, higher levels of data storage in a 
timely and consistent manner.  This project requires the analysis, design and rollout of a 
sophisticated derivation application machine, along with support utilities to allow for 
setup and maintenance of the processing.  This paper will discuss the development 
process from an information technology development perspective and the use of such 
proven tools and techniques as top-down, structured analysis, design and quality 
assurance methodologies. A primary goal in using these structured development 
techniques is to ensure the early and continued involvement of the subject matter experts, 
developers and project management.  By embracing a philosophy of collaboration, it is 
possible to produce a requirements definition that captures the functionality of the 
product without becoming bogged down in design and implementation tradeoffs.  Later, a 
development cycle can be executed to produce prototypes that test the proof of concept 
early and often.  These initial development efforts lead to a cycle of implementation of 
additional details and functionality, along with their quality assurance and verification 
against the agreed upon requirements specification.  This development cycle allows for 
the early and continual testing of the entire system and provides a feedback loop allowing 
for quick detection of high-level system problems and their fixes.  Utilizing these 
methods, a complex data processing system can be developed and shipped in a timely 
manner that works according to users’ understanding and needs, and also functions in a 
correct and consistent manner. 

 
 
 



A VISION FOR A STANDARDIZED HYDROLOGIC DATA EXCHANGE 
FORMAT 

 
Dudley McFadden, PE, David Ford Consulting Engineers, Sacramento, California 

 
Abstract: A common, extensible interchange file format for water resource data will 
eliminate data access hassles and computer program version dependency, and will 
provide upward compatibility. Hydrologic data are transmitted and archived in many 
forms, and each computer application to analyze them has specific data format 
requirements. Also, popular commercial modeling applications require “import files” in 
inflexible formats that change when subsequent versions are developed, and produce 
“export files” using their own specific formats. The clear choice for the basis of a 
common format is the Extensible Markup Language (XML). Other sciences have 
developed XML-based file format standards for their own data, and computer industry 
leaders include embedded XML support as a basic component of their software 
development kits on all computer platforms in wide use today. Establishment of a 
standard will permit all hydrologic data management schemes to seamlessly interface 
with all hydrologic modeling programs. Scientists and engineers will spend zero time 
converting data between disparate, incompatible formats or repeatedly writing software 
tools to accomplish this. Future data requirements can merge with the proposed file 
format without invalidating older data files. 



MANAGING HYDROLOGIC DATA FOR OPERATIONAL FORECASTING 
 

Dudley McFadden, PE, Project Engineer, David Ford Consulting Engineers, 
Sacramento, California; David Ford, PE, President, David Ford Consulting 

Engineers, Sacramento, California; Thomas A. Donaldson, Hydrologist, National 
Weather Service, Silver Spring, Maryland 

 
Abstract: Real-time operation of a large, geographically dispersed multiple reservoir 
system requires a reliable flow of hydrologic information coupled with ways to evaluate 
that information easily. Rainfall and river discharge observations need to be analyzed, 
following known-reliable procedures, to forecast reservoir inflows and to make release 
decisions. Our Catchment Forecasting System (CFS), customized for the Lower Colorado 
River Authority (LCRA) (Austin, Texas), fulfills this need by integrating off-the-shelf 
and trusted hydrologic and hydraulic modeling programs (HEC-1, UNET, etc.) with an 
automated data-collection network and database. While these programs are widely used 
for planning and historical-event analyses, LCRA needed them to function in operational 
forecasting situations. CFS meets this need, and goes beyond this basic objective by 
linking those legacy applications using a customizable Microsoft Windows graphical user 
interface (GUI) that follows established usability conventions. Behind the GUI, Visual 
Basic Script (VBScript), the Extensible Markup Language (XML) and the Hydrologic 
Engineering Center Data Storage System (HEC-DSS) provide industry-standard file 
formats for model configuration and hydrologic data management. In advance of a high-
water event, engineers configure CFS using an XML editor and VBScript debugging 
environment, and calibrate the models in a hindcast mode. All program users share those 
configuration files and calibrated modeling program input files. River operations staff can 
then use CFS to follow a predefined forecasting procedure easily during an emergency. 
Moreover, CFS’s architecture is user-extensible and will readily migrate to emerging 
technologies. 
 



SESSION 1B - Hillslope Hydrologic Modeling 
 

A STUDY ON RUNOFF ROUTING SCHEME FOR DISTRIBUTED MODEL 
 

Jianzhong Guo and Xu Liang 
Department of Civil and Environmental Engineering 

University of California at Berkeley 
 
Paper withdrawn. 
 



DEVELOPMENT OF A PREDICTIVE RELATIONSHIP FOR 
INFILTRATION INTO SWELLING/CRACKING SOILS 

AN UPDATE 
 

Mathias J.M. Römkens, USDA-ARS National Sedimentation Laboratory,  
Oxford, Mississippi; Shyam N. Prasad, University of Mississippi, Department of 

Civil Engineering, University, Mississippi; David A.  DiCarlo, USDA-ARS National 
Sedimentation Laboratory, Oxford, Mississippi; Robert R. Wells, University of 

Mississippi, Department of Civil Engineering, 
University of Mississippi 

 
Abstract: Predicting the hydrologic response of watersheds during a rainstorm event is of 
major interest to hydrologists.  To a large degree, the prediction difficulties encountered 
are related to the problem of arriving at realistic estimates of the infiltration component.  
Spatial and temporal variations of the soil water regime, the dynamic nature of the soil 
water matrix of real world soils, and the non-linearity of the governing soil water flow 
(Richard’s) equation make accurate predictions extremely difficult and complex.  One of 
the areas of major concern is the prediction of rain infiltration in swelling/cracking soils 
commonly found in alluvial plains.  This paper describes the current status of the 
development of a spectral series solution approach to this class of soils.  The solution is 
based on a prismatic model in which excess rainwater is laterally absorbed through the 
vertical faces of the prismatic elements.  During the 1998 Federal Interagency Hydrologic 
Modeling Conference, this model was used to describe incipient ponding time as a 
function of the crack morphology (depth, spacing), the rainfall intensity, and a soil 
parameter.  This paper extends this analysis and arrives at a cumulative infiltration 
equation that includes also the crack width.  The underlying assumptions of the model 
are: (1) the surface of the prismatic columns is crusted and infiltration through the surface 
is negligible, (2) rain water flows uniformly over the edge of the columns into the crack 
and is laterally absorbed through the lateral surfaces of the columns, (3) the proximity of 
adjacent lateral surfaces does not affect the infiltration process.  The analytical results are 
compared with experimental observation.  These observations were made in the 
laboratory on prepared soil beds of a Mississippi Delta swelling/cracking soil (Sharkey 
soil), subjected to a series of rainstorms with intensities of 20 mm h-1.  Good agreements 
between predicted and observed results were obtained. 



USE OF SOIL SURVEY INFORMATION FOR DETERMINING SOIL 
HYDRAULIC PARAMETERS FOR HYDROLOGIC MODELING 

 
Walter Rawls, Hydrologist, USDA-ARS Beltsville, Maryland; 

 Yakov, Pachepsky, Soil Scientist, USDA-ARS, Beltsville, Maryland 
 
Abstract:  Knowledge of hydraulic properties is a key element in hydrologic modeling.  
Laboratory and field methods for determining soil hydraulic properties are time 
consuming and expensive.  Average soil hydraulic properties developed in the early 
1980's according to soil texture are commonly used in models; however, pedotransfer 
functions which relate basic soil properties such as texture, organic matter, bulk density, 
etc to hydraulic soil properties that are rarely measured on a routine basis are now readily 
available.  Pedotransfer functions (PTF's) which predict various soil hydraulic properties 
(water retention and hydraulic conductivity) based on various levels of soil survey 
information were developed by applying regression tree analysis to the NRCS national 
soils database.  The qualitative information used in the pedotransfer functions were 
USDA soil texture classes, structure, grade, size and shape classes, dry and moist 
consistency classes and stickness and plasticity classes. Topographic features, organic 
matter and taxonomic units which are subjectively estimated in the field and are part of 
every soil profile description appear to be useful predictors of soil hydraulic properties. 
 



ESTIMATING THE UNSATURATED SOIL HYDRAULIC PROPERTIES USING 
A HIERARCHICAL SET OF PEDOTRANSFER FUNCTIONS 

 
Marcel G. Schaap, Feike J. Leij, and Martinus Th. van Genuchten 

George E. Brown, Jr. Salinity Laboratory, USDA-ARS, Riverside, CA. 
 
Abstract:   Increasingly sophisticated models are now being used to simulate variably-
saturated flow and contaminant transport in the vadose zone.  These models require 
estimates of the unsaturated soil hydraulic properties, being the soil water retention (or 
capillary-pressure saturation) relationship and the unsaturated hydraulic conductivity 
function. Direct measurements of these properties are generally very time-consuming and 
costly. One alternative to direct measurement is the use of pedotransfer functions (PTFs) 
to indirectly estimate the hydraulic properties from more easily measured and/or readily 
available data such as soil texture and bulk density.  In this paper we summarize the 
software package Rosetta that we developed this purpose.  The PTFs in Rosetta are based 
on a combined bootstrap-neural network procedure to estimate water retention parameters 
and the saturated and unsaturated hydraulic conductivity, as well as their probability 
distributions.  The PTFs were calibrated on a large number of soil hydraulic data sets 
derived from three different databases.  Rosetta offers a hierarchical set of five PTFs to 
predict van Genuchten type soil hydraulic parameters from limited information (textural 
classes only) to more extended sets of data (texture, bulk density, and one or two water 
retention points).  
 



SESSION 1C - Flood Hydrology I 
 

CALIBRATING SYNTHETIC STORMS TO PREDICTED PEAKS FOR THE 
COLORADO RIVER BASIN IN TEXAS 

 
Michael Anderson, PE, Hydrologic Engineer, Halff Associates, Inc., Fort Worth, 
Texas; Erin Atkinson, E.I.T., Hydrologic Engineer, Halff Associates, Inc., Fort 

Worth, Texas; Bob Huber, P.E., Hydrologic Engineer, LCRA, Austin, Texas; and 
Tom Donaldson, Hydrologist, National Weather Service, Silver Spring, Maryland  

 
Abstract: This paper will discuss the procedures used to create a representative 
hydrologic model for the extent of the Colorado River basin from O.H. Ivie Reservoir to 
the Gulf of Mexico.  Due to the complexity of the total system, the hydrologic model is 
assembled based on unregulated conditions.  The reservoirs will be taken into account 
using HEC-5 to simulate reservoir operations.  The final floodplain product will be 
produced using HEC-RAS unsteady flow models.  The study team developed processes 
and procedures for initially calibrating the hydrologic model to recent storm events. 
Synthetic hydrographs produced from the final hydrologic model are discussed in detail 
in the following sections.  The technical challenges encountered during the project and 
the innovative solutions produced from the study are also addressed.  Due to the size of 
the basin, many hydrologic procedures and computer programs were developed in order 
to complete this study.  The final results of this model are the synthetic hydrographs for 
the 2-, 5-, 10-, 25-, 50-, 100-, 500-YR floods and Standard Project Flood (SPF). 
 



NEAR-REAL-TIME FLOOD MODELING AND MAPPING FOR THE 
INTERNET  

 
Joseph L. Jones, Hydrologist, U.S. Geological Survey, Tacoma, Washington; and  

Janice M. Fulford, Hydrologist, U.S. Geological Survey, Stennis Space Center 
 

Abstract:  :  The U.S. Geological Survey Urban Geologic and Hydrologic Natural 
Hazards Initiative project has uniquely combined recently developed tools to produce and 
publish on the Internet near-real-time maps of forecast or imminent flooding.  The tools 
used by the project include powerful desktop computers, Light Detection and Ranging 
(LIDAR) topographic data, a robust two-dimensional (2-D) flow model, GIS, and 
Internet map server software.  The pilot study selected a 23-kilometer reach of the 
Snoqualmie River east of Seattle, Washington, that is between Snoqualmie Falls and 
Carnation, Washington.  The study developed a 2-D model based on LIDAR topographic 
data.  GIS tools were used to process elevation data for the flow model and to process 
model generated flow information into maps.  An Internet map server software package 
was used to post the flow maps to the Internet. The pilot study demonstrates the 
feasibility of combining these tools with National Weather Service flow forecasts to 
produce storm-specific areal flood information maps that are served near-real-time (in a 
matter of hours, depending on the duration of the forecast hydrograph) on a flexible and 
user-friendly Internet Web page.  
 
 



VFLO™: A REAL-TIME DISTRIBUTED HYDROLOGIC MODEL 
 

Baxter E. Vieux, Ph.D., P.E., Principal; Jean E. Vieux, M.S., President/CEO 
Vieux & Associates, Inc., Norman, Oklahoma 

 
Abstract: Distributed parameter watershed models that are physics-based offer distinct 
advantages over conceptual rainfall-runoff models. Vflo™ incorporates routing of 
unsteady flow through channel and overland elements comprising a drainage network. A 
single catchment may be comprised of a few hundred finite elements, and up to a million 
for river basins covering an entire country. Simulation of days of response can be 
performed in seconds depending on drainage network size. Parameters are derived from 
GIS/RS maps with inputs from multisensor precipitation estimates in real-time or post-
analysis. Distributed models better represent the spatial variability of factors that control 
runoff enhancing the predictability of hydrologic processes. Spatially distributed 
parameters derived from soil properties, land use/cover, topography, and input from radar 
or multi-sensor precipitation estimates offer new possibilities for simulating hydrologic 
response on a drainage network basis that is scalable from catchment to river basin. 
Combining terrestrial measurements in GIS format and meteorological output from radar 
and other sensors offers new opportunities for water management. Three case studies are 
presented that demonstrate the application of Vflo™ for different applications and 
watershed conditions/regional climate. 
 



PROBABLE MAXIMUM FLOOD ESTIMATION USING SYSTEMATIC AND 
NON-SYSTEMATIC INFORMATION  

F. Francés and  B. A. Botero (Departamento de Ingeniería Hidráulica y Medio 
Ambiente, Universidad Politécnica de Valencia, Spain) 

 
Abstract: In some cases in Hydrology, is necessary to estimate flood quantiles of a high 
return period or even the biggest flood physically possible in a specific catchment, called 
Probable Maximum Flood or PMF. The PMF has a physical meaning and it provides an 
upper boundary of the interval within the engineer must operate and design. The PMF is 
generated by the Probable Maximum Precipitation (PMP). 
The PMP is defined as the greatest depth of precipitation for a given duration 
meteorologically possible, for a given size storm area at a particular geographical 
location, at a certain time of year, with no allowance made for long-term climatic trends. 
(WMO, 1986). Different methods has been proposed to estimate the probable maximum 
precipitation. There are process-based methods or statistical methods as the proposed by 
Hershfield (1961 and 1965). 
On the other hand, there are in the literature basically two ways to estimate the PMF. The 
first one is to use the PMP estimate using a rainfall-runoff models, which involves many 
assumptions about the PMP, about the conditions of the catchment and physical features 
for its upper limits. The other way to estimate the PMF is empirical, as the method 
developed by Francou and Rodier (1969). These authors, by means of empirical 
approximations, found that for hydrological homogeneous regions the upper envelope 
boundaries were straight lines which converged towards a single point. The rule of thumb 
which estimate the PMF or the PMP by a particular and high return period quantile can 
not be considered as a scientific method. 
 



SESSION 1D - Interagency MOU on Multimedia Environmental 
Models 
 

 



 
SOFTWARE SYSTEM DESIGN AND IMPLEMENTATION FOR 
ENVIRONMENTAL MODELING : A MOU WORKING GROUP 

 
Gerry Laniak, Environmental Protection Agency, Office of Research and 
Development, National Exposure Research Laboratory, Athens, Georgia 

 
Abstract: A workgroup has been formed in conjunction with a formal Memorandum of 
Understanding (MOU) among seven Federal Agencies to pursue collaborative research in 
technical areas related to environmental modeling.  Among the primary objectives of the 
MOU are 1) to provide a mechanism for the cooperating Federal Agencies to pursue a 
common technology in multimedia environmental modeling with a shared scientific 
basis, 2) to reduce redundancies and improve the common technology through exchange 
and comparisons of multimedia environmental models, software and related databases, 3) 
to exchange information related to multimedia environmental modeling tools and 
supporting scientific information for environmental risk assessments, protocols for 
establishing linkages between disparate databases and models, and development and use 
of a common model-data framework, and 4) to facilitate the establishment of working 
partnerships among the cooperating Federal Agencies’ technical staff in order to enhance 
productivity and mutual benefit through collaboration on mutually-defined research 
studies.  In direct support of the goals of the MOU this workgroup has been formed with 
a specific focus of the computer software infrastructure necessary to support state-of-the-
science environmental systems analyses.   
This paper provides the full text of the Phase 1 and Phase 2 research proposals forwarded 
by the working group to the Executive Committee of the MOU.  These plans describe, in 
some detail, the formation of the workgroup, it’s members, the mechanics of the 
collaborative relationship established to date, and the specific technical activities 
currently being pursued by the workgroup. 
 
 



 
UNCERTAINTY ANALYSIS AND PARAMETER ESTIMATION : A MOU 

WORKING GROUP 
 

George Leavesley, US Geological Survey, Denver, CO; and Thomas Nicholson, 
Nuclear Regulatory Commission, Washington, DC 

 
Abstract: An important issue facing the application of multi-media environmental models 
(MMEMs) is the inherent uncertainty associated with their conceptual/mathematical 
model(s) and parameterization.  Since many MMEM applications involve an assessment 
of risk to the public health and/or environment, the use of uncertainty and risk analysis 
techniques and methods would enhance the insights and predictions derived from these 
models.  A working group to examine uncertainty and risk analysis has been created 
under a Federal Interagency Memorandum of Understanding (MOU) on MMEMs. The 
purpose of this MOU is to facilitate cooperative research on MMEMs. Objectives of the 
working group include coordination of ongoing and anticipated new research on 
assessing uncertainty in the predictions of MMEMs, development of a common 
understanding of  various ways to address uncertainty, and the identification, evaluation, 
and comparison of tools for assessing uncertainty and risk related to MMEM 
applications.  
 



TRANSPORT ISSUES: A MOU WORKING GROUP 
 
Paper withdrawn 



 
SESSION 2A - New Observations And Data For Hydrologic Modeling 

 
ACTIVITIES TO IMPROVE WSR-88D RADAR RAINFALL ESTIMATION 

IN THE NATIONAL WEATHER SERVICE 
 

Richard A. Fulton, Hydrology Laboratory, Office of Hydrologic Development 
National Weather Service Silver Spring, Maryland 

 
Abstract: The National Weather Service (NWS) began the installation across the U.S. of 
its next generation of operational Doppler weather radars, NEXRAD, about ten years 
ago.  The resulting 160 radars, called WSR-88D (Weather Surveillance Radar-1988 
Doppler), have revolutionized the NWS forecast and warning program through improved 
detection of severe wind, hail, and tornadoes and also for improved hydrologic forecast 
operations and services.  This paper provides an overview of the WSR-88D precipitation 
algorithms and products and discusses our current development and implementation plans 
for enhancing them.  This plan is driven by the desire to improve our hydrologic 
operations and services to the Nation and to facilitate productive use of the WSR-88D 
radar network for real-time hydrologic modeling activities in the NWS and its partners. 
 

 



USE OF STATISTICALLY AND DYNAMICALLY DOWNSCALED 
ATMOSPHERIC MODEL OUTPUT FOR HYDROLOGIC SIMULATIONS 

 
Lauren E. Hay, Hydrologist, U. S. Geological Survey, Denver, Colorado; Martyn P. 
Clark, Geographer, Center for Science, Technology and Policy Research, University 

of Colorado, Boulder, Colorado 
 

Abstract:  This paper examines the hydrologic model performance in three snowmelt- and 
one rainfall-dominated basin in the United States to dynamically- and statistically-
downscaled output from a global-scale forecast model. Runoff produced using a 
distributed hydrologic model is compared using daily precipitation and maximum and 
minimum temperature timeseries derived from the following sources: (1) dynamically 
downscaled (DDS) NCEP (National Centers for Environmental Prediction Reanalysis) 
output. NCEP output using a Regional Climate Model (RegCM2, horizontal grid spacing 
of approximately 52km); (2) statistically downscaled (SDS) NCEP output; (3) spatially 
averaged measured data used to calibrate the hydrologic model (Best-Sta) and (4) 
spatially averaged measured data derived from stations located within the area of the 
RegCM2 model output used for each basin, but excluding Best-Sta set (All-Sta).  
 

The DDS and All-Sta timeseries were able to capture the gross aspects of the seasonal 
cycles of precipitation and temperature. However, in all four basins, the DDS- and All-
Sta-based simulations of runoff were significantly less accurate than the SDS-based 
simulations. When the precipitation and temperature biases are corrected in the RegCM2 
output and All-Sta data (Bias-DDS and Bias-All, respectively) the accuracy of the daily 
runoff simulations improve dramatically for the snowmelt-dominated basins. In the 
rainfall-dominated basin, runoff simulations based on the Bias-DDS output show no skill 
whereas Bias-All simulated runoff improves. In the case of the large station-timeseries, 
the bias correction did indeed “correct” for the change in scale. In contrast, Bias-DDS 
based simulations of runoff were never as accurate as the SDS-based simulations. These 
results indicate that measured data at the coarse resolution of the RegCM2 output can be 
made appropriate for basin-scale modeling through bias correction (essentially a 
magnitude correction). However, RegCM2 output, even when bias corrected, does not 
contain the day-to-day variability necessary for basin-scale modeling. It is unknown if 
bias corrections to model output will be valid in a future climate. Future work is 
warranted to identify the causes for (and removal of) systematic biases in DDS 
simulations, and improve DDS simulations of daily variability in local climate. Until 
then, SDS based simulations of runoff appear to be the safer downscaling choice. 

 



A TEST OF TWO DISTRIBUTED HYDROLOGIC MODELS   
WITH WSR-88D RADAR PRECIPITATION DATA INPUT 

 
Steven Hunter, Research Meteorologist, U.S. Bureau of Reclamation, Denver, 
Colorado; Jeff Jorgeson, Hydraulic Engineer, U.S. Army Corps of Engineers, 
Vicksburg, Mississippi; Steffen Meyer, Hydraulic Engineer, U.S. Bureau of 

Reclamation, Denver, Colorado; Baxter Vieux, Hydraulic Engineer, Vieux and 
Associates, Inc., Norman, Oklahoma 

 
Abstract:  The U.S. Bureau of Reclamation (Reclamation) will test two different 2-D 
distributed-parameter hydrologic models in the case of a heavy rainfall over west-central 
Arizona.  The heavy rain was produced by Tropical Storm Nora, 25-26 September 1997.  
The primary test area is the Santa Maria basin in West-central Arizona.  The two 
distributed models are GSSHA and Vflo™. 



 

ALTERNATIVE METHODS TO DETERMINE SHORTAGES AND 
NATURALIZED FLOWS 

 
Dave King, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, Colorado; 

Jeffrey Rieker, Hydraulic Engineer/Student Trainee, U.S. Bureau of Reclamation, 
Denver, Colorado 

 
Abstract:  The Bureau of Reclamation (Reclamation) needs to simulate operations of 
river systems to make effective operating and planning decisions for instream flows, 
downstream demands, and other water uses.  To simulate these operations, models 
usually use naturalized flows and ideal (non-shorted) depletions.  Naturalized flows are  
the basal hydrology or the flows that would exist if no human actions had occurred.  To 
estimate naturalized flows, hydrologists generally use gaged streamflow and estimated 
manmade depletions.  Depletion estimates should include shortages that occur due to 
insufficient water supply.   Estimation of shorted depletions is the primary variation from 
modeler to modeler. 
 
This project investigated existing ways of computing naturalized flows and shorted 
depletions including traditional Reclamation procedures and tested an approach that is 
better suited to use of naturalized flows in decision models.  A method that uses a 
modeling environment that is consistent with Reclamation decision models was 
developed to estimate naturalized flows and compute shortages. 



SESSION 2B - Identifying Model Parameters 
 
RESULTS FROM THE SECOND INTERNATIONAL WORKSHOP ON MODEL 

PARAMETER ESTIMATION EXPERIMENT (MOPEX) 
 

Qingyun Duan and John Schaake 
Hydrology Laboratory, Office of Hydrologic Development 

National Weather Service, NOAA 
Silver Spring, MD 

 
Abstract:  Model Parameter Estimation Experiment (MOPEX) was funded by NOAA 
Office of Global Programs to investigate techniques for the a priori parameter estimation 
of hydrologic models and land surface parameterization schemes used in atmospheric 
models. A major step is to assemble the necessary hydrometeorological data and the 
associated land surface characteristics data. A comprehensive database has been 
developed by the MOPEX project that contains historical hydrometeorological time 
series data and land surface characteristics data for many basins in the United States and 
in other countries. A number of international MOPEX workshops have been convened or 
planned for MOPEX. The Second International MOPEX Workshop was held in Tucson, 
Arizona, April 8-10, 2002. This workshop was designed to bring together interested US 
and international hydrologists and land surface modelers to exchange experience in 
developing techniques for a priori estimation and calibration of hydrologic model 
parameters. Participants of the MOPEX project were given data for 12 basins selected in 
the Southeastern United States and were asked to carry out a set of numerical 
experiments using a priori parameters as well as calibrated parameters developed for their 
respective hydrologic models. More than 30 scientists from 8 countries directly 
participated in the workshop and a few more have submitted results of their hydrologic 
model simulations to the workshop. The preliminary results from the workshop are 
summarized in this paper. Due to preliminary nature of the results, only a brief analysis 
was conducted to understand the differences in the results from various models. More 
complete results must be obtained and further analysis should be done in the future to 
help MOPEX participants to enhance their parameter estimation procedures. The paper 
will conclude with a discussion of further work and future strategy. 
 



RECENT DEVELOPMENTS IN AUTOMATIC CALIBRATION 
AND APPLICATION TO HYDROLOGIC MODELING 

 
Terri S. Hogue, Hoshin Gupta, and Soroosh Sorooshian 

Department of Hydrology and Water Resources, 
University of Arizona,Tucson 

 
Abstract: Computer-based hydrologic models have become increasingly complex and are 
being utilized for numerous hydrologic tasks, including real-time forecasting of pending 
flood events, seasonal forecasts for water supply, and monitoring of water quality, among 
others. The majority of these models consist of a lumped, conceptual description of the 
watershed, designed to represent the hydrology of the basin, with numerous parameters 
that must be estimated. These models are then applied to various climatic and hydrologic 
regimes and must be “adjusted or calibrated” to fit local hydrologic observations. Once 
an appropriate model is chosen, the usefulness of the model is highly dependent on the 
quality of the calibration and how well the model can simulate the desired fluxes or 
outputs (e.g., streamflow). Most rainfall-runoff models have been calibrated via the 
traditional approach, where an “expert” hydrologist with knowledge of the model and 
watershed system uses a trial-and-error procedure to adjust model parameters while 
visually inspecting the model simulations as compared to the observed streamflow. Due 
to the tedious and time-consuming nature of the manual calibration process, researchers 
in the 1960s began exploring methods that could speed up the calibration process and 
make it less subjective. Automatic calibration methods help in this regard by utilizing the 
speed and power of modern computer technology, while being fairly easy to implement 
and objective to analyze. Over the last ten years, the reliability and effectiveness of 
automatic calibration techniques has advanced dramatically. From development of the 
Shuffled Complex Evolution (SCE-UA) to the Multi-objective complex Evolution 
(MOCOM) and the Bayesian Recursive Estimation (BaRE) method, these advanced 
techniques are being applied to various hydrologic models and have increased the 
reliability and effectiveness of model simulations. A brief description of these automated 
technologies, along with their application to various hydrologic systems, will be 
presented.  
 



GENERAL METHODOLOGY OF PARAMETERS ESTIMATION OF NON-
LINEAR REGRESSIONS BY MODIFIED LEAST SQUARES CRITERION 

 
Kachiashvili K. J. and Melikdzhanian D. I. 

University, Tbilisi, Georgia, The I.Vekua Institute of Applied Mathematics (VIAM). 
 
 Abstract: General technique of identification of non-linear regression relations below is 
offered, which one is designed with the purpose of overcoming two basic difficulties not 
only regression analysis, but also all modern mathematics: non-linearity and multi 
regularity of a problem. The universal algorithm of optimum definition of areas of 
finding of unknowns values of parameters of regression models is designed, they are 
contained in which one with probability close to unit. On successful finding of these 
areas depend quality of activity and outcomes of iteration search algorithms of extremum 
of criterion of identification. The given methodology is suitable for the rather broad class 
of non-linear regression models at classic regression and passive experiment and at its 
qualified application, as against a customary non-linear parameter estimation, 
considerably reduces time indispensable for the solution of a problem for identification 
and provides given veracity. At some hardening of imposed limitations on nature of noise 
the obtained outcomes are just also at active experiment. 
   The problem of identification of regression relations is encompass in following. It is 
supposed, that between observed values x and y there is an unknown functional relations, 
which one is approximated by a function of the given class f(a1,...,am,x) on the basis of 
experimental data xi,yi, i=1,...,N, i.e. the verity of relation is supposed 
 yi = f(a1,…,am, xi) + ui , i = 1,…,N ,                 (3.1) 
where a1,...,am are unknowns factors, the values which one estimate on the basis of 
outcomes of observation xi,yi, i = 1,...,N; ui are random fluctuations with the 
characteristics M(ui) = 0, D(ui) = σi

2, cov(ui,uj) = Rij, i≠j, i,j = 1,...,N. 
   Values of parameters a1,...,am search so that the weighing sum of squares of 
discrepancies 
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receive minimum value; here λi are given weighting coefficients. The solution of the 
given optimization problem determines statistical estimations  of the conforming 
parameters (estimation of method of least squares). 

maa ˆ,...,ˆ1

   The essence of an offered technique consists in reduction of total quantity of parameters 
 nonlinear included in regression and to be liable to estimate directly and develop 

of a method of a finding of intervals of definition of these parameters in which are 
contained their true meanings with the given reliability. 

maa ˆ,...,ˆ1

 
 



TOWARD INCORPORATING HYDROGRAPH SHAPE DESCRIPTORS IN 
MODEL PARAMETER ESTIMATION 

 
Eylon Shamir, Research Assistant, Department of Hydrology and Water Resources, 

the University of Arizona, Tucson, Arizona; Efrat Morin, Research Associate, 
Department of Hydrology and Water Resources, the University of Arizona, Tucson, 
Arizona; Bisher Imam, Adjunct Assistant Professor, Department of Hydrology and 
Water Resources, the University of Arizona, Tucson, Arizona; Soroosh Sorooshian, 

Regents Professor, Director of NSF Center on Sustainability of Semi-Arid 
Hydrology and Riparian Areas (SAHRA), Department of Hydrology and Water 

Resources, the University of Arizona, Tucson, Arizona. 
 
Abstract: Parameter estimation in rainfall-runoff models incorporates objective functions 
to minimize errors between simulated and observed runoff.  Traditional residual-based 
objective functions integrate measures of magnitude differences at specified discrete time 
intervals.  However, such functions tend to emphasize the effects of timing and 
magnitude errors even when the model is shown to reproduce the overall rainfall runoff 
relationship of the basin.  This study explores the potential use of two shape descriptors: 
the Rising Limb Density (RLD) and the Declining Limb Density (DLD), in parameter 
estimation of a rainfall runoff model. RLD and DLD, which describe the ratio between 
the number of peaks and cumulative time of rising or declining limbs of the hydrographs, 
respectively, were shown to capture the integrative nature of basins as they transform 
rainfall to runoff.  Nineteen mid-size (223-4790 km2) perennial headwater basins with 
long streamflow data were selected for the study.  The ability of RLD and DLD to 
capture intrinsic basin characteristics was underscored by their stability and uniqueness 
for the studied basins when calculated annually using daily mean flow values.  Two 
experiments were conducted to assess the sensitivity of the shape descriptors to model 
parameters.  In the Hydrological Model HYMOD, which is a simple 5-parameter linear 
reservoir model, shape descriptors were highly sensitive only to changes in the quick 
release parameter.  On the other hand, three categories of sensitivity were identified for 
the 13-parameter Soil Moisture Accounting SACRAMENTO model. 
 



FLDWAV APPLICATION:  
TRANSITIONING FROM CALIBRATION TO OPERATIONAL MODE 

 
Janice Sylvestre and Paul Sylvestre, Hydrology Laboratory, Office of Hydrologic 

Development, National Weather Service, NOAA, Silver Spring, Maryland 
 
Abstract:   
 
 
The National Weather Service dynamic routing model, FLDWAV, has been implemented 
on several major rivers (e.g., Mississippi River, Columbia River, Red River of the North) 
in the United States and is used for operational forecasting of river stages.  Prior to 
becoming operational, the model must be calibrated using historical data.  Model 
calibration involves adjusting the model parameters (e.g., channel roughness and channel 
geometry) until the simulated stages match the observed stages.  After the model 
parameters have been calibrated, parameters (e.g minimal inflow) are established to the 
improve model stability during operational use.  Finally boundary and initial conditions 
are addressed when running FLDWAV in operational mode.  This paper gives an 
overview of the calibration process and describes the challenges of implementing the 
FLDWAV model on the Susquehanna River System in Pennsylvania. 
 



SESSION 2C - Flood Hydrology II 
 

MUSKINGUM-CUNGE FLOOD ROUTING PROCEDURE IN NRCS 
HYDROLOGIC MODELS 

 
William H. Merkel, Hydraulic Engineer, U.S. Dept. of Agriculture, NRCS, National 

Water and Climate Center, Beltsville, Maryland 
                
Abstract: The Muskingum-Cunge flood routing procedure has been incorporated into the 
Natural Resources Conservation Service (NRCS) Technical Release 20 (TR-20) 
hydrologic model.  The TR-20 model is an event watershed hydrologic model used to 
analyze impacts of watershed changes (land use, reservoir construction, channel 
modification, etc) on volume of runoff and peak discharge.  The model consists of 
various components such as runoff generation, channel and reservoir routing, and 
floodwater diversion.  The revised NRCS Win TR-55 (Urban Hydrology for Small 
Watersheds) computer program utilizes TR-20 to do its hydrologic computations and 
thus, routing results will be based on the Muskingum-Cunge procedure.  After much 
research, development, and testing, an original formulation has been adopted.  The 
uniqueness of this formulation lies in the way flood wave celerity is determined for the 
reach.  The flood wave celerity is equal to a factor multiplied by the average velocity.  
For natural channels it is typically estimated as the slope of a plot of discharge versus 
flow area relationship.  When water exceeds the channel banks and enters the flood plain, 
the slope of the discharge – flow area curve multiplied by the average flow velocity is not 
representative of the actual flood wave celerity.  An algorithm to compute the factor 
(denoted m) for a rating curve developed from a steady flow water surface profile model 
is presented. 
 
A series of tests were conducted which compared the results of the Muskingum-Cunge 
formulation against a solution of the one-dimensional St. Venant equations.  The tests 
were designed to cover a range of non-dimensional and actual conditions to indicate 
limits of applicability.  The solution of the St. Venant equations was considered an 
accurate solution to the physical problem due to the number of validation studies 
conducted in both laboratory and natural settings.  Routing tests were completed for 
trapezoidal and natural cross sections.  Accuracy of the peak discharge at the end of the 
reach, the time to peak discharge at the end of the reach, and the correlation of 
hydrograph shapes are presented. 
 



 

USING HYDRAULIC ROUTING TO DETERMINE THE ACCURACY OF 
HYPOTHETICAL FLOOD HYDROLOGY 

 
Ted Perkins, Hydraulic Engineer, US Army Corps of Engineers, Seattle, WA 

 
Abstract:  For projects addressing large-scale problems, there is a need to characterize 
the flood hydrology throughout the basin to be able to evaluate a full range of 
alternatives.  Although there are established methods for determining flood frequency at 
individual locations, it can be difficult to determine how these locations combine to form 
hypothetical flood events downstream for large river systems.  Correlations can be made 
to the major point of interest downstream but can be complicated by differing backwater 
affects for larger events.  The ponding of water in the floodplain also alters the timing of 
lateral inflow into the channel.   Additionally, there are some locations in which gage 
information is spotty or does not exist and does not relate well to areas that have longer 
gage records.   The errors resulting from these impacts can be hard to filter out using 
straight hydrologic analysis.   
 
For the Centralia, Washington, General Reevaluation Report and Environmental Impact 
Statement Project, these difficulties are overcome by routing the hypothetical hydrology 
downstream using the unsteady flow program UNET.  High-water marks for five 
historical events representing a large range of flood frequencies are used to calibrate the 
model.  Once the hypothetical hydrology is developed, the hydrographs are routed 
through the model to yield hydrographs at the downstream point of interest (Grand 
Mound).  These hydrographs are compared to those developed using hydrologic analysis 
of the gage location to determine the accuracy of the upstream hydrographs.  These 
hydrographs are then altered to better represent the hypothetical event downstream. 



SIMULATIONS OF FLOODING ON TCHOUTACABOUFFA RIVER 
AT STATE HIGHWAYS 15 AND 67 AT D’IBERVILLE, MISSISSIPPI 

 
Karl E. Winters, Hydrologist, U.S. Geological Survey, Pearl, Mississippi 

 
Abstract:  A two-dimensional, finite-element, surface-water model was used to simulate 
the effects of the proposed relocation of State Highways 15 and 67 on water-surface 
elevations and flow distributions for the 100-year flood on the Tchoutacabouffa River at 
D’Iberville, Mississippi. The Mississippi Department of Transportation plans to relocate 
State Highways 15 and 67 by removing a portion of the existing four-lane highway and 
constructing a four-lane facility upstream of the existing highway alignment. The 
proposed alignment is located on the northern floodplain and will tie into the existing 
highway about 1,000 feet north of the dual State Highways 15 and 67 bridges. The 
proposed highway embankment will intercept flows that cross the existing highway 
during large floods. Five scenarios were simulated for the 100-year flood, including 
existing and four proposed alternative configurations for drainage structures. 
 
The model grid was developed by using surveyed floodplain cross sections and channel 
bathymetry data obtained by using an Acoustic Doppler Current Profiler, in combination 
with a global positioning system. The model was calibrated and verified by using 
surveyed flood profiles through the study reach and flood-discharge measurements 
obtained at the State Highways 15 and 67 crossing. Model parameters were adjusted so 
that the computed water-surface profiles agreed closely with the surveyed flood profiles. 
 
Computed water-surface differentials across the proposed alignment near the northern 
edge of the floodplain for the four alternatives proposed by the Mississippi Department of 
Transportation ranged from 1.4 to 2.6 feet. Much smaller differentials were computed in 
the vicinity of the main-channel bridge. Computed water-surface elevations at McCully 
Drive for the proposed alternatives A and B were 0.5 and 0.1 ft higher, respectively, than 
that computed for existing conditions. Computed water-surface elevations for the 
proposed alternatives C and D were the same as for existing conditions at McCully Drive. 
 



 
DISTRIBUTED MODELLING OF LARGE BASINS FOR A REAL TIME FLOOD 

FORECASTING SYSTEM IN SPAIN 
 

Felix Francés, Jorge J. Vélez, Universidad Politecnica de Valencia, Valencia, Spain, 
Jaime I. Vélez , Universidad Nacional de Colombia, Medellín, Colombia; and 

Marino Puricelli, Universidad Politecnica de Valencia, Valencia, Spain 
 

 
Abstract:  In order to have a good and robust flood model for simulation and prediction, it 
is necessary to have a conceptualization of the reality as physically based as possible, but 
coherent with the working scale, and to use the maximum amount of information for the 
parameters estimation. In this work a conceptual distributed Land Surface Model called 
TETIS is presented, and its implementation in the SAIH (a real time hydrological 
information system mainly for flood warning) of the Confederación Hidrográfica del 
Tajo (Tagus river Water Board) in Spain is described. 
 
 



SESSION 2D - River Flow Modeling 
 

DAILY FLOW ROUTING WITH THE MUSKINGUM-CUNGE METHOD 
IN THE PECOS RIVER RIVERWARE MODEL 

 
Craig B. Boroughs, P.E., Project Hydraulic Engineer, Tetra Tech, Inc., 

Breckenridge, CO; Edie Zagona, P.E., Ph.D., Research Associate, Center for 
Advanced Decision Support for Water and Environmental Systems, University of 

Colorado, Boulder 
 
Abstract: One of the major efforts for development of a daily timestep water operations 
model for the Pecos River in New Mexico was to implement a routing methodology that 
would appropriately represent flood wave travel times (translation) and reduction in peak 
discharge (attenuation) of flood waves.  The model is to be used to evaluate the impacts 
of modified dam operations on flow conditions in critical habitat for a federally 
“threatened” fish species.  It is important for travel times of flood waves to be represented 
appropriately.  Due to the morphology of the Pecos River and shape of typical inflow 
hydrographs, flood waves during the summer monsoon season significantly attenuate as 
these waves propagate down the Pecos River.  The Muskingum-Cunge method was 
selected as a routing method to add to the water operations model, but it was coded in a 
different manner than it is conventionally coded in other models.  The water operations 
model was developed with the RiverWare software application that is a general river 
basin modeling tool that runs in an object-oriented modeling environment.  While this 
modeling environment provides flexibility for developing models, it provides a restriction 
to simulate the entire river system one model timestep at a time.  Due to this simulation 
style, the routing method for each river reach must also run one model timestep at a time.  
The resulting routing method in RiverWare requires the user to input an incremental 
routing timestep that will be used to route flood waves within each model timestep.  The 
model then uses other input parameters to determine the best incremental routing spatial 
step to minimize numerical dispersion.  In addition, the water operations model simulates 
with daily average flows, so assumptions were made to implement the Muskingum-
Cunge method that routes instantaneous flows. 
 



UNSTEADY FLOW MODELING WITH HEC-RAS 
 

Gary W. Brunner, P.E., Senior Technical Hydraulic Engineer, Hydrologic 
Engineering Center, U.S. Army Corps of Engineers, Davis, California;   

Mark E. Forest, P.E., President, WRC Nevada Inc., Reno, Nevada. 
 
Abstract:  With the release of Version 3.0 in January of 2001, unsteady flow routing can 
now be performed within HEC-RAS.  This paper will discuss the capabilities contained 
within HEC-RAS for performing unsteady flow analyses, as well as other new features 
added for Version 3.1.  Additionally, the application of unsteady flow routing for the 
Truckee Meadows area (Truckee River through Reno and Sparks Nevada) will be 
presented.  This system is a very complex hydraulic modeling problem.  The Truckee 
Meadows area has both steep and very mild gradients, complex overbank flow reaches, 
large inundation areas, and multiple stream reaches that combine within the impacted 
areas.  The HEC-RAS model was calibrated for existing conditions based upon data 
collected from the 1997 flood, which is the event of record on this segment of the 
Truckee River.  The HEC-RAS model was able to consistently match high water mark 
data within the project area as well as the recorded stages and flows where the flow enters 
the downstream canyon. 
 



EFFECTS OF A SIMULATED CHANGE IN LAND COVER ON 
SURFACE-WATER VELOCITY DISTRIBUTION AT A BRIDGE IN 

SOUTHEASTERN ARKANSAS 
 

C. Shane Barks, Supervisory Hydrologist; Jaysson E. Funkhouser, Hydrologist, 
 U.S. Geological Survey, Little Rock, Arkansas 

 
Abstract: Changes in land cover immediately upstream or downstream from a bridge can 
have a substantial effect on surface-water velocity and velocity distribution through a 
bridge opening.  The two-dimensional surface-water model, Finite Element Surface 
Water Modeling System: Two Dimensional Flow in a Horizontal Plane (FESWMS-
2DH), was used to determine the depth-averaged point velocities across the U.S. 
Highway 79 Roc Roe Bayou bridge opening in the White River floodplain in 
southeastern Arkansas.  The existing highway alignment locates the left bridge abutments 
in a heavily vegetated area with high Manning’s roughness coefficients.  The proposed 
highway alignment moves the left bridge abutment into an agricultural field, which 
lowers the Manning’s roughness coefficient by 67 percent.  This change of roughness 
near the left abutment increases the simulated flow velocity near the abutments by 29 
percent.  When simulated floodplain vegetation was added to the to the agricultural field 
in the vicinity of the left abutment, the maximum depth-averaged point velocity 
decreased by 38 percent from the initial proposed highway alignment.  The results of this 
study illustrate the need for an accurate assessment of land-cover change when new 
highway alignments are being designed and built.   
 



SIMULATIONS OF SECONDARY HELICAL FLOWS IN CURVED CHANNELS 
AFFECTED BY SUBMERGED BENDWAY WEIRS 

 
Yafei Jia, Research Associate Professor, National Center for Computational 

Hydroscience and Engineering, The University of Mississippi; Sam S.Y. Wang, 
F.A.P. Barnard Distinguished Professor, Director of NCCHE; Yichun Xu, Post-

Doctoral Research Associate, NCCHE; and Sueliang Huang, Post-Doctoral 
Research Associate, NCCHE 

 
Abstract:  Navigation of commerce vessels along inland waterways is an important way 
of transportation to the nation. However, it is difficult for the vessels to pass through 
channel bendways because of the secondary helical current induced by the centrifugal 
force. Using CCHE3D, numerical simulations were carried out to study the flow in 
channel bendways with submerged weirs which were constructed for realigning the flow 
and improving the navigation condition. The simulation results were compared with 
measured physical model data with good agreement. The study demonstrated that 
numerical simulation is a useful and efficient tool for analyzing the flow structure 
affected hydraulic structures. 
 



USE OF VELOCITY DATA TO CALIBRATE AND VALIDATE 
TWO-DIMENSIONAL HYDRODYNAMIC MODELS 

 
Chad R. Wagner and David S. Mueller 

U.S. Geological Survey, Louisville, Kentucky 
 
Abstract: Calibration and validation of two-dimensional numerical hydrodynamic 
models often are limited to matching water-surface elevations and producing reasonable 
flow fields. With the advancement of acoustic Doppler current profilers (ADCPs), it is 
now cost effective to collect detailed field data and calibrate and validate models to 
match measured velocity fields. The U.S. Geological Survey (USGS), Kentucky District 
has used a combination of water-surface elevations and measured velocity fields to 
calibrate two models of the Ohio River. Calibrated models that adequately matched 
water-surface elevations did not necessarily guarantee an adequate match of the measured 
flow field. 
 
The model calibration and validation process for both models included matching water-
surface elevations, and ADCP velocity direction and magnitude profiles at cross sections 
throughout the study reach. The ability to compare the model to measured velocity data 
improved the overall calibration of the models from what would have been possible with 
only water-surface-elevation data. 
 



SESSION 3A - Agency Specific Hydrologic Modeling Practices I 
 

TOWARDS A CLOSER INTEGRATION OF GIS INTO SIMULATION 
FRAMEWORKS: THE OMS EXAMPLE 

 
Olaf David and Ian Schneider, USDA-ARS, Great Plains System Research Unit, 
Fort Collins, Colorado; Roland Viger, U.S. Geological Survey, Denver, Colorado 

 
Abstract:  Distributed environmental modeling and simulation requires the application of 
geographical information systems (GIS). The analysis and visualization of geospatial 
phenomena was in the past usually processed in a GIS program separate from a model. 
The GIS was mainly applied in a pre-run simulation mode to delineate model input 
parameter and in a post-run simulation mode to provide spatial feedback of model results. 
The general efforts to couple GIS functionality and models resulted in two main 
approaches: (i) running the model as an integral part of the GIS or (ii) integrating the GIS 
into a model. Whereas the second option requires an open GIS API for the model to 
invoke geo-processing functionality, this approach has tended to be challenging to 
implement because of the differences in programming language preferences, 
implementation infrastructure, and often is limited in universal application. The first 
option seems to be simpler to realize at first sight, but it limits the final user to a desktop 
GIS, which was originally not intended to host a simulation, or models in general, and 
usually prevents scalability.  The situation becomes more difficult to handle from the GIS 
perspective if we consider the model being implemented as a set of loosely coupled and 
customized components rather than a monolithic package.  
 
Model construction is generally moving towards the customization of modeling 
components and their connectivity mapping by using simulation frameworks, which 
allow the development of the most appropriate model representations of a given 
simulation problem based on physical facts. This also affects the role of GIS processing 
in the modeling context. In the Object Modeling System (OMS) physical process 
simulation model components and geospatial model components are peers in this 
framework. Geo-processing components can be used whenever required in the overall 
model execution sequence to (i) derive model parameter from spatial properties, (ii) map 
model variables to spatial features and attributes during model execution, and (iii) allow 
user intervention by interaction. The system being developed is a lightweight 
implementation of a GIS data model and an operator API to perform raster and vector 
processing. It provides a developer API to implement low-level geo-processing 
operations and a scripting user API to perform high-level aggregation of GIS operations. 
 
The emphasis on this paper will be given on the principles applied to design lightweight 
GIS processing in the OMS simulation framework, where the design and implementation 
of GIS operation for geospatial analysis was driven by application needs for distributed 
hydrological modeling. We will discuss an example that integrates a geo-processing 
component for spatial parameter estimation with a hydrological model component. 
 



DISTRIBUTED DATA SHARING AND MODULE INTEGRATION 
FRAMEWORK 

 
Mitch Pelton and Kevin Dorow 

Pacific Northwest National Laboratory 
 
Abstract: There are many modeling framework systems available; however, the purpose 
of the this framework is to utilize the best attributes of FRAMES 1.3 and 3MRA (Multi-
media Multi-pathway Multi-receptor Risk Assessment) as applied to HWIR (Hazardous 
Waste Identification Rule), while focusing on the development of software tools to 
simplify the module developer's effort of integrating a module into the system.  A module 
in this plug and play framework can be described as one or more codes, models, or 
databases that cooperate to provide information to other modules placed in the site 
conceptualization.  To accomplish this task a protocol for linking modules together has 
been developed.  An API(Application Programming Interface), an SDK(Software 
Development Kit), and web-based tools are provided to aid the developer in this 
integration process.  The protocol design is in the form of data dictionaries, which are 
designed for flexibility.  The approach is to focus on developing these protocols (i.e. 
boundary conditions) between modules using a distributive environment.  This allows for 
the co-development of the linkage protocols.  DLLs(Dynamic Link Library), or shared 
libraries, are used to facilitate the population of dictionary datasets.  This enables the 
developer to consistently populate data needed by other modules without the burden of 
elucidating multiple file formats to the module, thereby making population of shared data 
sources efficient and consistent.  System editors are provided to set up the shared data 
sources and the information needed to communicate the module's role in the plug-and-
play system, thus easing the developers work load.  Database specific tools are provided 
for the sharing/management of data sources. These tools are designed to capitalize on the 
flexible protocols provided by the system to allow incorporation of disparate data, 
making it available to all integrated modules.  A data client editor is provided to facilitate 
data retrieval, which allows for extraction of data from both local and remote sources 
over the web, WAN(Wide Area Network), or a LAN (Local Area Network)via existing 
web protocols (https). 



DYNAMIC INFORMATION ARCHITECTURE SYSTEM (DIAS): 
MULTIPLE MODEL SIMULATION MANAGEMENT 

 
Kathy Lee Simunich, Software Engineer; Pamela Sydelko, Environmental Scientist; 
Jayne Dolph, Environmental Scientist; and John Christiansen, Software Engineer; 

Argonne National Laboratory, Argonne, Illinois 
 
Abstract: The Dynamic Information Architecture System (DIAS) is a flexible, extensible, 
object-based framework for developing and maintaining complex multidisciplinary 
simulations of a wide variety of application domains.  The modeling domain of a specific 
DIAS-based simulation is determined by 1) software Entity (Domain) objects that 
represent the real-world entities that comprise the problem space (atmosphere, watershed, 
human), and 2) simulation models and other data processing applications that express the 
dynamic behaviors of the domain entities. 
In DIAS, models communicate only with domain (Entity) objects, never with each other.  
Each Entity object has a number of Parameters and Aspect (of behavior) objects 
associated with it. The Parameter object contains the state properties of the Entity object. 
The Aspect object is used to represent the behavior of the Entity object and how it 
interacts with other objects.  DIAS extends the Object paradigm by abstraction of the 
objects' dynamic behaviors, separating the "WHAT" from the "HOW".  DIAS object 
class definitions contain an abstract description of the various aspects of the object's 
behavior (the WHAT), but no implementation details (the HOW).   Separate DIAS 
models/applications carry the implementation of object behaviors (the HOW).  Any 
model deemed appropriate, including existing legacy–type models written in other 
languages, can drive entity object behavior.  The DIAS design promotes plug-and-play of 
alternative models, with virtually no re-coding of existing applications. 
The DIAS Context Builder object builds a constructs or scenario for the simulation, based 
on developer specification and user inputs.  Because DIAS is a discrete event simulation 
system, there is a Simulation Managerobject with which all events are processed.  Any 
class that registers to receive events must implement an event handler (method) to 
process the event during execution.   Event handlers can schedule other events; create or 
remove Entities from the simulation; execute an Entity’s behavior; and, of course, change 
the state of an Entity.   
In summary, the flexibility of the DIAS software infrastructure offers the ability to 
address a complex problem by allowing many disparate multidisciplinary simulation 
models and other applications to work together within a common framework.  This 
inherent flexibility allows application developers to more easily incorporate new data, 
concepts, and technologies into the simulation framework, bringing the best available 
knowledge, science, and technology to bear on decision-making processes. 



  
 
GENERAL DATA REPRESENTATION AND INTERCHANGE APPROACHES: 

FINDING A COMMON DATA REPRESENTATION AND INTERCHANGE 
APPROACH FOR MULTIMEDIA MODELS 

 
Steven S. Fine, Program Manager, National Oceanic and Atmospheric 

Administration on Assignment to the U.S. Environmental Protection Agency, 
Research Triangle Park, NC 

 
Abstract:  Within many disciplines, multiple approaches are used to represent and access 
very similar data (e.g., a time series of values), often due to the lack of commonly 
accepted standards. When projects must use data from multiple disciplines, the problems 
quickly compound. Often significant effort is expended reformatting data, tracking down 
what data represent, and debugging problems caused by mistakes and misunderstandings. 
To try to address this issue, multiple federal agencies are exploring general approaches 
that can be used to represent, access, and exchange environmental data. This includes 
identifying common data structures, software to read and write the data, standards for 
clearly describing what data represent (metadata), and tools to resolve differences 
between available data and data needs, all in a manner that supports great flexibility in 
applications (e.g., change the source of data from a local file to a web site or a database 
without editing code) and a form that modelers could use.  If a more general approach for 
working with environmental data is found, modelers should be able to easily bring 
together new combinations of models, data analysis tools, and data sets without changing 
code or reformatting data. Several existing packages provide at least a partial solution to 
these requirements, including the Distributed Oceanographic Data System, the Synthetic 
Environment Data Representation and Interchange Specification, and the Hierarchical 
Data Format. 
 
The participating Federal agencies will be identifying requirements for a general 
approach, surveying available off-the-shelf packages, and developing test applications to 
identify the approaches that come closest to addressing the requirements. If a full solution 
is not found, then extension of off-the-shelf tools will be developed. This paper reports on 
this ongoing investigation. 
 



SESSION 3B - Model Sensitivity Analysis And Error Estimates 
 

GREAT LAKES EVAPORATION MODEL SENSITIVITIES AND ERRORS 
 

Thomas E. Croley II and Raymond A. Assel 
Great Lakes Environmental Research Laboratory, NOAA, USDOC,  

Ann Arbor, Michigan 
 
Abstract:  The Great Lakes evaporation model is a lumped-parameter model of 
evaporation and thermodynamic fluxes, based on an energy balance at the lake's surface 
and a one-dimensional (vertical) superposition of lake heat storage.  Ice formation and 
loss is also coupled to lake thermodynamics and heat storage.  Two calibrations are 
involved in applying the model in a particular setting.  The first determines the first eight 
model parameters that minimize daily water surface temperature root mean square error 
(RMSE) and the second determines the last two parameters that minimize daily ice cover 
RMSE.  Model concepts have been carefully chosen so that parameters have physical 
significance; this allows them to be interpreted in terms of the thermodynamics they 
represent.  Initialization of the model corresponds to identifying values from field 
conditions, which may be measured; interpretations of a lake's thermodynamics then can 
aid in setting both initial and boundary conditions.  Turnovers (convective mixing of deep 
lower-density waters with surface waters as surface temperature passes through that at 
maximum density) occur as a fundamental behavior of the model.  Hysteresis between 
heat in storage and surface temperature, observed during the heating and cooling cycles 
on lakes, is preserved.  The model also correctly depicts lake-wide seasonal heating and 
cooling cycles, vertical temperature distributions, and other mixed-layer developments. 
An analysis of the sensitivity of the evaporation model to 1) its calibrated parameters and 
to 2) input and 3) boundary conditions will enhance understanding of projected changes 
in these parameters and conditions (e.g. as might occur under global warming scenarios).  
1.  We will systematically vary the calibrated parameters, in the vicinity of their 
calibrated values, and observe resulting deviations in selected model outputs (including 
evaporation and other surface fluxes, heat storage, surface ice, and water surface 
temperature).  Parameter values for the seven Great Lakes applications (Superior, 
Michigan, Huron, Georgian Bay, St. Clair, Erie, and Ontario) define a range of 
reasonable values for each parameter.  For each application, we will apply the mean 
parameter value, observed over all applications, plus and minus increments up to two 
standard deviations.  This will be repeated for all parameters, considered independently, 
and we will note where there are parameter interactions and endeavor to maintain 
physical consistency in parameter changes.  2.  Then we will assess model sensitivity to 
initial conditions (including heat storage, surface ice, and water surface temperature) by 
using observed maximum, minimum, and selected quantiles of each of the initial 
conditions over the period of record.  Again, we will consider changes in each variable 
independently of the other variables as much as possible but maintaining integrity of the 
other initial conditions.  For example, water surface temperatures cannot be below 0ºC 
without surface ice forming.  3.  Finally, we will assess model sensitivity to boundary 
condition meteorology (air temperature, precipitation, humidity, wind speed, and 
insolation), by using each boundary condition (meteorological input) time series with 



systematic changes along the entire time series in a range determined by its historical 
maximum and minimum, again maintaining the integrity of the other input parameters.  
For example, if the air temperature is perturbed the humidity will be adjusted 
correspondingly. 
 



KINEROS2  -  
A DISTRIBUTED KINEMATIC RUNOFF AND EROSION MODEL 

 
David C. Goodrich, Hydraulic Engineer, USDA-Agricultural Research Service 

(ARS), Tucson, AZ; Carl L. Unkrich, Hydrologist, USDA-ARS, Tucson, AZ; Roger 
E. Smith, Retired, USDA-ARS, Ft Collins, CO; and David A. Woolhiser, Retired, 

USDA-ARS, Ft. Collins, CO 
 
Abstract:  KINEROS2 (K2) is a broadly updated version of the KINEROS kinematic 
runoff and erosion model.  This is physically-based model describing the processes of 
interception, infiltration, runoff generation, erosion, and sediment transport from small 
agricultural and urban watersheds for individual rainfall-runoff events. While 
KINEROS2 has evolved primarily as a research tool it is currently being used in 
consulting and in a more operational watershed assessment context.  This has been 
facilitated by the incorporation of KINEROS2 into the AGWA (Automated Geospatial 
Watershed Assessment) tool in support of US-EPA landscape analysis activities.  This 
paper will focus on new model features that have not been previously presented in the 
literature. 
 



 
A SENSITIVITY STUDY OF ROUGHNESS PARAMETERS WITH VARIABLE 

INFILTRATION VARIABILITY (VIC) LAND SURFACE MODEL 
 

Maoyi Huang and Xu Liang 
Department of Civil and Environmental Engineering 
Department of Civil and Environmental Engineering 

University of California at Berkeley 
 
Paper witdrawn. 
 



BIAS IN RUNOFF PARAMETER ESTIMATION 
INDUCED BY RAINFALL DATA 

 
Timothy D. Straub, Hydrologist, U.S. Geological Survey, Urbana, Illinois; 

Ronald J. Bednar, Student Trainee, U.S. Geological Survey, Urbana, Illinois 
 
Abstract:  Studies in Du Page County, Illinois found that a rainfall-runoff parameter set 
calibrated on the basis of the National Oceanic and Atmospheric Administration (NOAA) 
precipitation-gage network (non-recording and weighing bucket gages) could not be 
applied with data collected from a U.S. Geological Survey (USGS) tipping-bucket rain-
gage network.  The average yearly, average monthly, and average storm-event periods 
simulated based on USGS rainfall data in the hydrologic simulation model calibrated 
with NOAA rainfall data were consistently low compared to simulation results based on 
the NOAA data and recorded flows.  Multiplying the hourly USGS rainfall data by a 
factor within the hydrologic simulation model aligned the USGS simulated results with 
simulated results using the NOAA data for all periods. Other than applying a constant 
correction factor, there is no evidence that seasonal or wind induced corrections are 
needed for the USGS rainfall data used in model simulation to better match the simulated 
results based on NOAA data.   



SESSION 3C - Flood Hydrology III 
 

THE NEW USDA-NRCS WINTR-55 SMALL WATERSHED 
 HYDROLOGY MODEL 

 
Claudia C. Scheer, P.E., Hydraulic Engineer, USDA – NRCS National Water 
Management Center, Little Rock, Arkansas; Karl K. Visser, P.E., Hydraulic 

Engineer, USDA-NRCS, Champaign, Illinois 
 
Abstract:  USDA-NRCS Technical Release 55 (TR-55) – Urban Hydrology for Small 
Watersheds model is widely used for stormwater hydrology.  This software has been 
updated to Windows from DOS. Significant enhancements have been included such as: 
full hydrograph development using TR-20 computational engine, capability to change the 
rainfall distribution and the dimensionless unit hydrograph, Muskingum-Cunge channel 
routing, updated reservoir routing procedure, and graphical hydrograph output. This 
paper briefly describes these changes and provides an introduction to the WinTR-55 
software.  The model and documentation can be downloaded from the USDA-NRCS 
National Water and Climate Center web: 
http://www.wcc.nrcs.usda.gov/water/quality/hydro/ 
 

http://www.wcc.nrcs.usda.gov/water/quality/hydro/


A COMPREHENSIVE FREQUENCY ANALYSIS IS PRESENTED ON THE 
LLANO RIVER IN THE COLORADO RIVER BASIN OF TEXAS 

 
Brian K. Reis, Espey Consultants; P. E., Leo R. Beard, P. E., W. H. Espey, Jr., P. E., 

Ph. D., Tom Donaldson, P. E. 
 
Abstract: This paper explores a comprehensive flood frequency analysis for three (3) 
USGS stream gages on the Llano River, which represents a critical watershed with regard 
to major floods experienced on the Colorado River.  This overall frequency analysis is an 
integral part of the flood damage evaluation sponsored by LCRA, in cooperation with the 
USACE for the purposes of establishing flood damages along approximately 470 river 
miles extending along the Colorado River. 
 
Variability of the stream gaging data is analyzed for critical historical storms with respect 
to gage location, recharge/channel losses, geomorphology, flood peak attenuation, 
rainfall variability, etc.  This analysis investigates a wide spectrum of technical 
approaches including USGS methodology (Asquith) which includes departure from 17B 
Guidelines with respect to low outlier thresholds and the Log Pearson Type III 
distribution.  In addition, statistical analysis is utilized to extend the period of record, 
incorporating gage data for longer periods of record from other stream stations.  Results 
are presented in comparing 100-year flows at three stream gages, and used in the 
calibration of a complex HEC-HMS model to be used in the modeling of the entire lower 
river basin (approximately 18,300 square miles).   
 



A GIS FLOOD INUNDATION MAP BASED ON A DYNAMIC WAVE 
(FLDWAV) SIMULATION OF THE OCTOBER, 1998 FLOOD 

ON THE LOWER GUADALUPE RIVER, TEXAS 
 

Michael J. Shultz, P.E., Hydrologic Forecaster, National Weather Service, West 
Gulf River Forecast Center, Fort Worth, Texas 

 
Abstract: A GIS based flood inundation map has been developed to show the areal extent 
of the October, 1998 flood on the Lower Guadalupe River.  In October, 1998, extreme 
rainfall occurred over this drainage basin causing catastrophic flooding.  The resulting 
flood is considered to be one of the most recent hydrologically significant events to have 
occurred within the State of Texas. 
 
Following the flood, the National Weather Service dynamic wave model (FLDWAV) 
was utilized to reconstruct the event.  The maximum water surface elevations computed 
by FLDWAV were input into GIS to map the areal extent of this flood.  These computed 
elevations were a very close approximation to the actual high water elevations which 
occurred during the flood at locations where river gauge information was available.   
 
Knowledge gained from this study is being incorporated into the flood forecasting 
mission of the National Weather Service, West Gulf River Forecast Center, located in 
Fort Worth, Texas.  This investigation demonstrates the potential in displaying the results 
of FLDWAV in a GIS environment to depict the approximate areal extent of major 
floods.  Emergency management officials will have the opportunity to use this 
information as a planning tool in projecting potential flood impacts on their communities.  
Results demonstrate how river forecast centers might also develop first hand knowledge 
on what impacts their flood forecasts will have on various communities.  Currently, 
National Weather Service river forecasts only provide stage projections at selected river 
points.  Flood inundation mapping allows the extent of a flood to be depicted over an 
entire river drainage.      
 



 
SESSION 3D - Modeling Water Quality I 
 

WILLAMETTE RIVER AND COLUMBIA RIVER WASTE LOAD 
ALLOCATION MODEL 

 
Christopher J. Berger, Research Associate; Robert L. Annear, Jr., Research 

Assistant; and Scott A. Wells, Professor, Department of Civil and Environmental 
Engineering, Portland State University, Portland, Oregon 

 
Abstract: A hydrodynamic and water quality model of the Lower Willamette River was 
developed to evaluate management alternatives designed to improve water quality.  The 
Lower Willamette River is located in Oregon and drains a watershed covering 11500 
square miles consisting of forested, agricultural, and urban lands.  Inflows include treated 
municipal wastes and industrial effluents along with non-point sources from agricultural, 
silvicultural and urbanized land.  The model was designed to address temperature, 
dissolved oxygen, algae, pH and bacteria concerns.  The Corps of Engineers two-
dimensional, laterally averaged, hydrodynamic and water quality model CE-QUAL-W2, 
Version 3 was applied.  CE-QUAL-W2 consists of directly coupled hydrodynamic and 
water quality transport models and simulates parameters such as temperature, algae 
concentration, dissolved oxygen concentration, pH, nutrient concentrations and residence 
time.  The model domain covers a total of about 126 river miles, including the Lower 
Willamette River from its intersection with the Columbia River upstream to Canby Ferry 
(RM 35.0) and the Columbia River from Bonneville Dam (RM 144.5) to Beaver Army 
Terminal (River Mile 53.8).  Modeling of the Columbia River was necessary to simulate 
tidal fluctuations and influxes of Columbia River water into the Lower Willamette.  
Major tributaries and major NPDES point sources were point inflows to the system 
model.  The ability to model multiple water bodies was a feature of CE-QUAL-W2 
Version 3 and allows the simulation of river, reservoir or estuary sections with varying 
bottom slopes separated by dams and other hydraulic structures.  The model was 
calibrated for the summers of 1993, 1994, 1997, 1998, and 1999.  Hydrodynamics were 
calibrated first followed by temperature and water quality.  Root mean square error of 
model water level predictions was generally less than 0.05 m.  Because of the short 
residence time within the model domain, the development of accurate boundary 
conditions was essential for good model calibration. 
 



MATTAWOMAN CREEK WATERSHED 
WATER QUALITY STUDY 

 
Patrick N. Deliman, Research Civil Engineer, U.S. Army Engineer Research and 

Development Center, Vicksburg, MS; Carlos E. Ruiz, Research Civil Engineer, U.S. 
Army Engineer Research and Development Center, Vicksburg, MS; Clint W. 

Collins, Research Engineer, DynCorp, Vicksburg, MS; Thomas H. Jobes, 
Environmental Scientist, Aqua Terra Consultants, Mountain View, CA; and Karen 

M. Nook, Project Engineer, U.S. Army Baltimore District, Baltimore, MD 
 
Abstract:  The U.S. Army Engineer Research and Development Center (ERDC) in 
cooperation with the U.S. Army Engineer District, Baltimore, has developed a watershed 
pollutant loading model that will be utilized to evaluate the effects of future development 
within the Mattawoman Creek Watershed.  The pollutant load analysis, in particular 
nutrients and sediment, was accomplished using the Hydrologic Simulation Program 
Fortran (HSPF) numerical model. 
 
The HSPF watershed model has been widely used for predicting loadings into water 
bodies.  It has been used in the Chesapeake Bay Watershed to develop a nutrient 
reduction strategy and Best Management Practices (BMPs) to reach a 40 percent 
reduction in loadings to the Chesapeake Bay.  Furthermore, the Environmental Protection 
Agency (EPA) has utilized HSPF to develop TMDL estimates for various state agencies.  
Application of HSPF to the Mattawoman Creek Watershed provided a simulation tool to 
aid in development of  BMPs, TMDLs, and estimates of nutrient loadings into receiving 
waters.   
 
HSPF was implemented within the Watershed Modeling System (WMS).  The WMS 
provides a graphical user interface for both pre and post-processing HSPF data 
requirements.  The water quality calibration was performed for sediment and nutrients 
including various forms of nitrogen and phosphorous.  Scenarios evaluated included the 
base scenario (before development) and a future development land use scenario.  The 
base scenario was run for year 2000 and the future scenario for the year 2020.  In the 
future, the model will be utilized as a planning tool to evaluate potential BMP effects 
within the watershed to minimize nutrient and sediment loadings to the Chesapeake Bay. 
 



TOTAL MAXIMUM DAILY LOAD MODELING SYSTEM 
FOR THE GRAND CALUMET WATERSHED, INDIANA 

 
Barry W Bunch, James L. Martin, and Ajit Vaidya 

 
Abstract:  The Clean Water Act contains requirements that Total Maximum Daily Loads 
(TMDLs) be developed for impaired waterbodies.  All segments of the Grand Calumet 
River and Indiana Harbor Canal (GCR/IHC) are considered as being impaired by one or 
more of the following:  PCBs, Pesticides, Mercury, Lead, Oil and Grease, Copper, 
Ammonia, and Chlorides.  As a consequence, the State of Indiana must develop TMDLs 
for each water quality limited segment.  Complicating the matter are the hydraulic regime 
of the GCR/IHC and the multiple sources of contaminants.  Flows in the GCR/IHC are 
predominantly industrial and municipal discharges.  Multiple sources have been 
identified for listed contaminants including sediments, groundwater, combined sewer 
overflows, and municipal and industrial discharges. A mathematical modeling system 
was developed in order to determine TMDLs for the GCR/IHC system and for use as an 
aid in evaluating potential remediation measures.  Modeling was used to estimate flows 
and loads from groundwater and CSOs.  These results were fed into hydrodynamic and 
water quality models which indicated the relationship between loads and in-stream water 
quality.  The hydrodynamic and water quality models were used to simulate a continuos 
four-year period, January 1995 to September 1998.  Once acceptable agreement between 
model predictions and observations had been demonstrated, the models were used to 
develop TMDLs.  Steady-state simulations were used to develop a response matrix, 
which enabled a rapid determination of instream concentrations for select flow 
conditions.  Multiple flow conditions were investigated in-order to determine worst-case 
conditions.  The response matrix approach provided a quick and easy method of 
estimating allowable loads for individual dischargers.  As the response matrix approach is 
based upon steady state flows and neglects the relationship between flow and load, 
dynamic simulations of the hydrodynamic and water quality models are required to 
develop the final TMDL in cases where the action alternative would result in a flow 
reduction. 
 



DEVELOPMENT OF A COST-EFFECTIVE NPS POLLUTION CONTROL 
STRATEGY FOR TMDL IMPLEMENTATION BY APPLYING AGNPS AND 

OPTIMIZATION TECHNIQUE 
 

Jenny X. Zhen, Ph.D. Candidate, and Shaw L. Yu, Professor,  
Dept. of Civil Engineering, University of Virginia, Charlottesville, Virginia   

 

Abstract: Remedies for non-point source (NPS) pollution are complicated because of the 
diffuse characteristics of NPS pollution. As a result, NPS presents a formidable challenge 
to policy makers. NPS control requires the implementation of “Best Management 
Practices” (BMPs), which are costly sometimes. To effectively and efficiently control 
NPS pollution and to meet the total maximum daily load (TMDL) requirement for 
watershed management, how to implement BMPs in a cost-effective and environmentally 
beneficial way to control the multiple types of pollution from different sources at the 
watershed scale is a key question to be addressed and resolved.  
 
Presently, most, if not all, stormwater controls have been designed and implemented at 
the local, or “on-site” level, and not at the regional or watershed level in a comprehensive 
and systematic manner. In other words, the controls are applied individually, without 
considering the overall combined treatment effect of all controls within the watershed or 
area of interest. This “on-site” design approach is inherently incapable to lead to a cost-
effective stormwater control master plan. 
 
The objective of the proposed paper is to develop a holistic approach to objectively 
determine cost-effective BMP application plans for the development and implementation 
of TMDLs for agricultural watersheds.  The watershed model – AGNPS, which is 
developed by USDA, is applied to identify the pollution source areas for a selected 
watershed with respect to sediments, nutrients for the purpose of TMDL development. 
Modeling formulations to simulate and evaluate the “long-term” performance of BMPs 
(e.g., detention ponds) is constructed and incorporated into the watershed model for 
providing input to the optimization model.  The linkage between optimization tool and 
watershed simulation model is established to efficiently search and determine cost-
effective TMDL implementation plans. Scatter Search, which is a meta-heuristic 
optimization technique, is employed as the optimizer.  
 



 
SESSION 4A - Agency Specific Hydrologic Modeling Practices II 

 
INFUSING NEW SCIENCE  

INTO THE NATIONAL WEATHER SERVICE RIVER FORECAST SYSTEM 
 

Gary M. Carter, Director, Office of Hydrologic Development 
National Weather Service, NOAA, Silver Spring, MD  

 
Abstract:  An important aspect of the National Weather Service (NWS) mission is to 
produce  forecasts for America=s rivers and streams.  To facilitate this activity, the NWS 
River Forecast System (NWSRFS) has been implemented at 13 field offices to generate 
forecasts at 4,000 river locations throughout the U.S.  The NWSRFS is a comprehensive 
suite of programs and algorithms covering the end-to-end forecast process, from real time 
data ingest to the generation of forecast hydrographs.  A variety of hydrologic and 
hydraulic models are available for modeling basin specific conditions.  In addition, a 
number of system functions are available for manipulating and displaying hydrologic 
data. 
 
In order to improve river and flood forecasting for the Nation, the NWS is implementing 
the Advanced Hydrologic Prediction Service (AHPS).  Current water resource 
forecasting techniques within the NWSRFS make limited use of growing skill in short to 
long range weather forecasts.   The AHPS will take advantage of these capabilities as 
well as new hydrologic and hydraulic models to increase the accuracy of NWS forecasts 
and to quantify the uncertainty in these predictions.   
 
The AHPS will also incorporate new science into the NWSRFS.  By leveraging this 
science infusion, applied  research within the NWS Hydrology Laboratory (HL) will 
deliver advanced modeling techniques to NWS field offices.  New calibration strategies, 
distributed modeling approaches, ensemble forecasting and data assimilation techniques, 
sophisticated data analysis procedures, flood forecast inundation maps, advanced 
hydraulic routing models, and improved precipitation estimation techniques will be 
introduced.   
An overview of the NWSRFS will be presented, followed by a brief discussion of the 
AHPS.   Specific research and development projects identified by the AHPS Science 
Infusion Strategy will also be highlighted. 
 
 
 
 
 



 
 
 

RECENT DEVELOPMENTS IN THE RIVERWARE MODELING TOOL 
 

Edith Zagona, Research Associate, Steve Setzer, Professional Research Assistant 
University of Colorado Center for Advanced Decision Support for Water and 

Environmental Systems, Boulder, Colorado 
Don Frevert 

U.S. Bureau of Reclamation, Technical Services Center, Denver, Colorado 
 
Abstract: RiverWare is a reservoir and river modeling tool used extensively by federal 
agencies and others for planning and scheduling operations and for evaluating operational 
policies. Research and development of RiverWare and related decision support tools has 
been ongoing at the University of Colorado Center for Advanced Decision Support for 
Water and Environmental Systems (CU-CADSWES) since 1993 under the sponsorship of 
the Tennessee Valley Authority (TVA) and the U.S. Bureau of Reclamation (USBR).  As 
RiverWare is applied to more reservoir systems, R&D efforts continue. Since the First 
Hydrologic Modeling Conference, major new enhancements have been made to 
RiverWare and associated analysis and data tools. In particular, RiverWare’s system for 
tracking water ownership and water rights has been developed and is used on the Rio 
Grande, the Yakima and the Truckee Rivers. The water accounting is tracked separately 
from the physical water model. The accounting fits into the object-oriented framework by 
account objects that reside on the simulation objects. The accounts are linked together to 
represent the network of possible water transfers. Water in storage and in transit through 
the models can be tracked as to ownership and color (transbasin, etc.). RiverWare has 
storage accounts, flow accounts and diversion accounts to track legal water accounts, and 
pass-through accounts to track water in transit between legal accounts. User-created 
algorithms can be used to allocate inflows and losses to accounts and to reconcile the 
“paper” water with the wet water. Water transfers can be accomplished through user 
inputs or by user-specified rules. Other new developments include new features in 
optimization and rulebased simulation, new output features and new model analysis tools. 
 



COLORADO'S DECISION SUPPORT SYSTEMS 
WATER RESOURCES PLANNING MODEL, STATEMOD 

 
Ray Bennett, PE, Special Projects Manager, Colorado Division of Water Resources, 
State of Colorado, Denver, Colorado; Steven Malers, Systems Engineer, Riverside 

Technology, Inc., Fort Collins, Colorado 

 
Abstract:  Colorado's Decision Support Systems (CDSS) have been providing water 
resources data and models for the State of Colorado since 1996.  StateMod, the State of 
Colorado's Stream Simulation Model, is a water allocation and accounting model that 
uses the Prior Appropriation Doctrine to make comparative analyses of historic and 
future water management policies in a river basin. It has been successfully applied to the 
Colorado, Gunnison, Yampa, White, San Juan and Rio Grande Basins for endangered 
species and interstate compact evaluations. This paper provides an overview of the 
features available in StateMod, with emphasis on recent enhancements that allow a daily 
time step, variable efficiency of water use, demands, soil moisture accounting, and wells 
to be simulated. 
 



HEC SOFTWARE –  
PRESENT STATUS AND ACTIVITIES, FUTURE PROSPECTS 

 
Darryl W.  Davis, Director, U.S. Army Corps of Engineers, Hydrologic Engineering 

Center, Davis, California 
 
Abstract:  HEC software packages are developed for use by Corps of Engineers offices 
engaged in water resources management activities and are made available to others via 
public domain distribution.  The software packages are widely used by other federal, 
state, and local government agencies, private consultants, and international organizations.  
HEC has been actively modernizing and replacing (effort coined ‘NexGen project’) the 
major software packages addressing watershed runoff, river hydraulics, reservoir 
systems, flood damage, and real-time water control by taking advantage of advances in 
engineering and planning technology, and developing the code using new computer 
science concepts targeted at prevailing desktop computing environments.  A series of 
companion GIS utility packages have likewise been developed to support the modeling 
software.  This paper provides an overview of the status and capabilities of the HEC 
NexGen software packages and the real time decision-support Corps Water Management 
System, and describe the on-going near- and longer-term development activities. 
 



SESSION 4B - Uncertainty Estimates For Data, Parameters, And 
Results I 

 
APPLICATION OF GLUE TO HSPF ON GOODWIN CREEK 

 
Brian E. Skahill, Research Hydraulic Engineer, Billy E. Johnson, Research Civil 

Engineer, and Patrick N. Deliman, Research Civil Engineer, 
United States Army Corps of Engineers, Engineer Research and Development 

Center, Vicksburg, Mississippi 
 
Abstract:  The Total Maximum Daily Load (TMDL) program currently requires the 
development of more than 40,000 TMDLs (NRC 2001). One important tool that is used 
to support the TMDL program is the Hydrologic Simulation Program-FORTRAN 
(HSPF) model, evidenced, for example, by its use as the nonpoint source model within 
the BASINS system developed by the EPA Office of Water and its implementation into 
the Watershed Modeling System (WMS) modeling interface. 
A recent editorial (Whittemore 2001) regarding model calibration and TMDL 
development stated that any two HSPF modeling experts could arrive at two different 
parameter sets at the conclusion of a model calibration exercise. Furthermore, it was 
noted that the expert system calibration tool for HSPF, HSPEXP, is only designed to 
support iterative manual HSPF calibration for the hydrologic simulations and does not 
deal with water quality processes. In addition, the National Research Council (2001) 
recently recommended that “guidance/software needs to be developed to support 
uncertainty analysis” as part of the TMDL process. 
In response to the above comments/stated needs regarding model calibration and 
uncertainty estimation in the TMDL domain, the objective of this study is to apply the 
GLUE methodology (Beven and Binley 1992; Beven and Freer 2001) to an HSPF model 
of the Goodwin Creek watershed, with the intent of demonstrating its utility as a useful 
tool to support HSPF water quantity and quality calibration and uncertainty estimation. In 
particular, this study will focus on the application of GLUE to support calculations within 
the hydrologic water budget (PWATER) and sediment production and removal 
(SEDMNT) compartments within the PERLND module and the hydraulics (HYDR) and 
inorganic sediment (SEDTRN) compartments within the RCHRES module of the HSPF 
model. Application of the GLUE procedure (Beven and Binley 1992; Beven and Freer 
2001) will not require any modification to the HSPF model source code. Evaluation of 
the GLUE methodology to the HSPF model required the availability of a high quality 
rainfall, runoff, and sediment load database. As a result, the Goodwin Creek watershed, 
an experimental watershed operated by the National Sedimentation Laboratory of the 
United States Department of Agriculture Agricultural Research Service, was selected as 
the study site. 
 



EFFECT OF THE DTM GENERATION METHOD ON EFFECTIVE 
PARAMETERS AND PERFORMANCE OF THE MIKE SHE CODE APPLIED 

TO A MEDIUM SIZE CATCHMENT 
 

R. F. Vázquez and J. Feyen 
Institute for Land and Water Management, K.U.Leuven, Leuven, Belgium 

 

Paper withdrawn. 
 



LONG-TERM SALINITY PREDICTION WITH UNCERTAINTY ANALYSIS: 
APPLICATION FOR THE COLORADO RIVER NEAR GLENWOOD SPRINGS, 

COLORADO 
 

James Prairie, Civil Engineer, U.S. Bureau of Reclamation, Upper Colorado 
Regional Office, Salt Lake City, Utah; Balaji Rajagopalan, Associate Professor, 
Water Resource Division, Civil, Architectural, and Environmental Engineering 

Department, University of Colorado, Boulder, Colorado; Terry Fulp, Operations 
Research Analyst, U.S. Bureau of Reclamation, Lower Colorado Regional Office, 

Boulder City, Nevada 
 
Abstract: Salinity on the Colorado River has been predicted by the U.S. Bureau of 
Reclamation using stochastic flows generated by the Index Sequential Method applied to 
historic flows, together with and a natural salt model based on a weighted least square 
linear regression of the historic flow and salt data in the Colorado River Simulation 
System (CRSS). This approach limits flow predictions to historic flows. Recent attempts 
to re-calibrate the CRSS model using more recent data have found the model overpredicts 
historic salt mass over the period 1970-1995. As a result, a study has been done with the 
goal of improving the modeling (data, model, methodologies, etc.) used for projecting 
future salt mitigation needs for the Colorado River basin. Under this study, new 
techniques to generate stochastic flow data and a new salt model have been developed 
that improve the ability to predict salinity in the future. A modified K-nearest (KNN) 
neighbor stochastic natural flow model was developed to generate synthetic flows that 
maintain the statistical characteristics of the historic flows, but allow generation of 
possible future flows that are not reflected in the historic data. The new natural salt model 
utilizes a local linear nonparametric regression with KNN residual resampling. The 
improved salt model adds two new features: (1) it incorporates nonlinear features of the 
regression between flow and salt and (2) instead of simply generating salt mass directly 
from the regression, the improved salt model generates salt mass from the regression then 
perturbs the salt mass with a KNN technique that resamples a residual in the 
neighborhood of the salt mass from the regression. The residual resampling allows the 
model to incorporate the uncertainty of the regression when the Monte Carlo simulations 
are used to generate historic flow, salt mass, and concentration with CRSS.  
 
A case study incorporates the results generated from the new flow and salt models into a 
submodel of CRSS consisting of the Upper Colorado mainstem down to the USGS 
stream gauge 09072500 (Colorado River near Glenwood Springs, CO). The submodel 
was used to compare multiple statistics including the probability density functions (PDF) 
of the synthetic natural flow and salt and the historic flow and salt. Additionally, we 
generated statistics describing the number of times the model exceeded a postulated salt 
mass and salt concentration standard. The submodel results for the time period 1941 to 
1995 showed that the modified KNN flow and salt models were able to preserve the 
annual flow and salt mass PDFs and other statistical characteristics of the historical data 
for this period, and improved the accuracy of the salinity modeling. 
 



COMPARING SEMIANALYTICAL AND NUMERICAL GROUNDWATER 
CONTAMINANT TRANSPORT MODELING 

 
G. Whelan, Chief Engineer, Pacific Northwest National Laboratory, Richland, 

Washington; S.K. Wurstner, Senior Research Scientist, Pacific Northwest National 
Laboratory, Richland, Washington; R.Y. Taira, Research Engineer, Pacific 

Northwest National Laboratory, Seattle, Washington 
 
Abstract: Much guidance and many regulations are promulgated by regulatory agencies 
using risk assessments based on analytical or semianalytical (i.e., containing numerical 
methods) multimedia models, implemented in either a predictive or comparative mode. In 
a predictive assessment the models are calibrated to observed data to identify 
representative values of parameters within acceptable ranges, or conditioned to reproduce 
results similar to those produced by more sophisticated numerical models.  On the other 
hand, a comparative assessment recreates conditions as they might occur without the aid 
of calibration or conditioning; the analyst investigates ramifications of differing "what-if" 
scenarios by directly comparing the results between scenarios to determine relative and 
not absolute behavior. Semianalytically-based approaches are traditionally used in 
preliminary assessments because they are easy to use and conceptualize, inexpensive to 
implement, receptive to Monte Carlo sensitivity/uncertainty analysis, and require 
significantly less data and resources relative to three-dimensional numerical approaches. 
Because many regulatory analyses are based on semianalytical approaches, concern 
arises with respect to their adequacy in assessments. Numerical analyses are preferred. 
However, as the complexity increases, cost, data-burden, and problem-specificity 
increase, and uncertainty should decrease. Because many installation-wide and regulatory 
risk assessments are based on comparative (uncalibrated or unconditioned) analyses using 
semianalytical models, this study was implemented to help explore differences between 
conditioned and unconditioned assessments using the groundwater medium and 
numerical modeling as bases for comparison. 
 



 
SESSION 4C - Flood Hydrology IV 

 
STUDYING THE FLOOD FREQUENCY BASED ON CONTINUOUS 

SIMULATIONS 
 

Timothy D. Straub, Hydrologist, and David S. Soong, Hydrologist, 
U.S. Geological Survey, Urbana, Illinois 

 
Paper withdrawn. 
 



IDENTIFICATION AND ASSESMENT OF REGIONAL FREQUENCY 
DISTRIBUTION - A CASE STUDY 

 
Prakash Chand Upadhyaya, Engineer, Civil Design, NHPC, Faridabad, India; 

Vijay K. Minocha, Asst. Professor, Civil Engg. Dept.,  
Delhi College of Engg, Delhi, India 

 
Abstract:  The planning and design of hydropower projects requires a reasonable estimate 
of design flood to be made. Statistical analysis attempts to estimate the magnitude and 
frequency of flood by using past flood records. In developing countries like India, many a 
times the data is either unavailable or is inadequate to perform such analysis. Estimation 
from such small samples may give physically unrealistic parameter estimates. Regional 
frequency analysis attempts to resolve this problem by augmenting the data at a particular 
site by transferring information from basins having similar hydrological and geological 
characteristics. This study covers 10 sites in and around Ganga basin in the Northern 
Hydrological sub zones.  
 
The present study uses the concept of Probability weighted moments (PWM’s) and L-
Moments, which gives reliable estimates, even for small samples. The standard 
regionalization procedure as described by Hosking has been followed. The homogeneity 
test was performed to ensure that the region formed is meaningful and homogeneous. The 
choice of statistical frequency distribution for the region was made using L-moment ratio 
diagrams (LMRD) using the weighted averages of L-moment statistics (LCv, LCs, LCk) 
for the region. A regression analysis between mean annual flood and catchment area 
resulted in value of R2 equal to 0.913, and the MAPE (Mean Absolute Percentage Error 
of Estimate) was 15.3%.  
 
The comparison of regional and at-site estimates show that the regional analysis is 
preferable to at-site estimation as it showed lesser root mean square error than at-site 
estimates for all discharges sites. As the sample size at a site reduces, the advantage of 
regional analysis over at-site analysis increases. 
 



DETERMINATION OF FLOOD FREQUENCY OF THE MISSOURI RIVER 
BELOW GAVINS POINT DAM 

 
Roger L. Kay, P.E., Hydraulic Engineer, U.S. Army Corps of Engineers, 

Omaha District, Omaha, Nebraska 
 
Abstract:  The Missouri River is the longest river in the United States and covers an area 
greater than 520,000 square miles, or approximately one-sixth of the contiguous United 
States.  Considerable water resources development has occurred in the basin over the last 
140 years.  Discharge-frequency relationships for the Missouri River below Gavins Point 
Dam were developed nearly 40 years ago, prior to full regulation of the Missouri River.  
In order to develop new discharge-frequency relationships, daily flow hydrographs were 
developed for both natural and regulated flow conditions over a 100-year period by 
means of model studies, developing a homogenous record for both flow conditions. 
Natural (or unregulated) flows were estimated by adjusting the observed flow record by 
estimations of water resource development, such as irrigation depletions, reservoir 
regulation, evaporation from reservoirs and other consumptive water uses.  These flows 
were developed throughout the basin by use of the Unregulated Flow Development 
Model (UFDM) computer program.  This led to the development of a more 
comprehensive estimation of the natural flow hydrograph than previous studies.  Mean 
annual and monthly discharges were derived from the flow record, as well as peak annual 
flows.  Statistical analyses were performed on the various flow parameters and 
comparisons were made on the natural flow regime over various time periods.  Results of 
the study show significant differences in the natural flow regime over several periods of 
time.  Results also show differences in the natural flow hydrograph along the river due to 
watershed and climatic effects.  The impacts of irrigation withdrawals and reservoir 
regulation on the natural flow hydrograph were also determined. 
 
The regulated flow over the period of record was estimated by adjusting all water 
resource development in the basin to current levels of development.  These adjustments, 
as well as historic flow records throughout the basin, were used in the Daily Routing 
Model (DRM) to develop regulated flow hydrographs at each gage over the period of 
record.  A relationship was determined between the unregulated and regulated annual 
peaks; this relationship was then used to translate the unregulated discharge-frequency 
relationships at each gage to a discharge-frequency relationship at each gage location.  
Results of the new discharge-frequency relationships show little change at some stations, 
but substantial increase at other stations when compared to previous estimates of 
discharge-frequency.  These new discharge-frequency relationships will be used in 
conjunction with results of hydraulic modeling to develop new stage-frequency 
relationships along the lower Missouri River, from Gavins Point Dam to its confluence 
with the Mississippi River. 
 



 
SESSION 4D - Modeling Water Quality II 

 
AN OPERATIONS MODEL FOR TEMPERATURE MANAGEMENT  

OF THE TRUCKEE RIVER 
 

David Neumann, Professional Research Assistant, University of Colorado, Center 
for Advanced Decision Support for Water and Environmental Systems, Boulder, 

Colorado; Balaji Rajagopalan, Assistant Professor, University of Colorado, Dept. of 
Civil, Environmental, and Architectural Engineering, Boulder, Colorado; Edith 

Zagona, Research Associate, University of Colorado, Center for Advanced Decision 
Support for Water and Environmental Systems, Boulder, Colorado; Merlynn 

Bender, Environmental Engineer, U. S. Bureau of Reclamation, Technical Services 
Center, Denver, Colorado; Tom Scott, Engineer, U.S. Bureau of Reclamation, 

Lahontan Basin Area Office, Carson City, Nevada 
 
Abstract:  Warm summer stream temperatures in the Truckee River pose a threat to 
threatened and endangered fish. Through the Water Quality Settlement Agreement 
(WQSA), the federal government and local agencies have agreed to purchase water rights 
to be used to help manage water quality in the river.  In particular, stream temperature is 
one of the indicators used to measure water quality. The acquired water will be stored in 
upstream reservoirs and released to improve downstream water quality. A prototype 
decision support system (DSS) has been developed to predict when temperature 
violations will occur, and to make decisions about when and how much to increase flows 
using the stored WQSA water.  The DSS implements an empirical model to predict 
maximum daily Truckee River water temperatures in June, July and August given 
predicted maximum daily air temperature and modeled average daily flow. The empirical 
model is created using a step-wise linear regression selection process using 1993 and 
1994 data. The model is validated using historic data and shown to work in a predictive 
mode. The predictive model includes a prediction confidence interval to quantify the 
uncertainty. This research, funded by the U.S. Bureau of Reclamation (USBR) uses a 
prototype set of operational policies in a DSS developed in RiverWare, and develops 
additional rules that calculate higher releases using stored WQSA water if the predicted 
water temperature at Reno is above the target value. Releases are determined from the 
temperature prediction relationship and a user-specified confidence level for meeting the 
target. Strategies are developed to effectively use the WQSA water throughout the 
season. These strategies are based on seasonal climate forecasts, the temperature of the 
river over the previous few days, and the amount of available WQSA water. The DSS 
model is tested using historical inflows for dry hydrology from 1988 to 1994. Various 
scenarios are explored that show the effect of changing the confidence level and using 
seasonal strategies. Results show that there is not enough water to avoid all temperature 
violations in a drought, however most of the early violations can be avoided with a high 
degree of certainty. 
 



 
THE BULL RUN RIVER-RESERVOIR SYSTEM MODEL 

 
Robert Annear and Scott Wells 

Department of Civil Engineering, Portland State University, Portland, Oregon 
 
Abstract:  The Bull Run watershed is located 26 miles east of Portland, Oregon in the Mt. 
Hood National Forest and consists of two reservoirs supplying drinking water to over 
840,000 people in the Portland metropolitan area.  In March 1998 Steelhead and Spring 
Chinook were listed as threatened in the Lower Columbia basin under the ESA.  
Historical reservoir operations during the summer released no water downstream 
resulting in stream temperatures exceeding the state water quality standard for salmonids.  
CE-QUAL-W2 Version 3 is a two-dimensional water quality and hydrodynamic model 
capable of modeling watersheds with interconnected rivers, reservoirs and estuaries.  CE-
QUAL-W2 Version 3 was used to model temperature in the reservoirs and river to 
investigate management scenarios to meet water demand and fish habitat requirements.  
The reservoir temperature calibration was conducted over a period of January 1997 to 
October 1999.  Vertical temperature profile data in both reservoirs were used for 
comparison with the model results in the calibration process. In the upper reservoir, 
Reservoir #1, the absolute mean error (AME) and root mean square error (RMS) between 
the model and data were 0.45 oC and 0.54 oC, respectively.  In Reservoir #2 the AME 
was 0.36 oC and the RMS was 0.44 oC.  
The river model developed below the reservoir was run for a five-day time window 
around June 16, 1999 when a dye study was conducted in the river.  Temperature results 
from the model were compared with data collected in the field.  Error statistics were 
calculated for six locations along the river.  Error statistics at the U.S. Geological Survey 
gage station (#14140000) between the model and data were 0.34 oC for an AME and 0.44 
oC for the RMS for the five-day period.  Further downstream at Larson’s Bridge the AME 
was 0.26 oC and the RMS was 0.36 oC. 
Management strategies evaluated included adding selective withdrawal, increasing 
reservoir size, constructing a new water supply reservoir, and altering the selective 
withdrawal operations from historical patterns. 
 



MODELING OF WATER QUANTITY AND QUALITY  
AT CATCHMENT SCALE 

 
Alaa El-Sadek and Jan Feyen 

K.U.Leuven, Institute for Land and Water Management, Leuven, Belgium 
J. Berlamont 

K.U.Leuven, Hydraulics laboratory, Faculty of Engineering, Heverlee, Belgium 
 
Abstract:  One of the major goals of hydrological research is to extend the understanding 
of the impact of changing scales on hydrological processes. The aim of this article is to 
upscale the outflow discharge and nutrient load from field scale to catchment outlet. The 
method is based on DRAINMOD and DRAINMOD-N models to simulate the hydrology 
and the nitrogen balance at field scale. The approach called the lumped approach, is 
based on the EXPMODEL and is simulating nutrient load using export coefficients and 
delivery ratios. Export coefficients from individual fields are computed by multiplying 
measured flow weighted N concentrations by drain outflows. A lumped equation with a 
first order kinetics is used in this approach to model the nutrient transport and 
transformation in the stream. The comparative analysis reveals that the lumped model is 
able to predict sufficiently accurate nutrient load at the catchment outlet. 
 
 



ACCURATE MODELING OF WATER QUALITY TRANSPORT 
 IN OPEN CHANNELS 

 
R. I. Patel, Senior Lecturer, Civil Engineering Department, S.V.R. College of Engg. 

& Tech., Surat, India; and Rajeev Misra, Assistant Professor, Civil Engineering 
Department, Indian Institute of Technology, Bombay, Mumbai, India 

 
Abstract:  A methodology for developing several higher order explicit schemes for the 
simulation of one dimensional pollutant transport in open channels is introduced in this 
paper. Based on the proposed methodology, four new explicit schemes are developed. 
Split operator technique is used for the solution of advection-diffusion equation. Results 
of the developed schemes in conjunction with conventional schemes for conservative and 
non-conservative pollutant transport in open channels are obtained and compared with 
the analytical solution. It is observed that the proposed schemes in conjunction with 
conventional schemes yield accurate simulation for the cases under consideration. 
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DEVELOPMENT OF INTEGRATED WATER RESOURCES MODELING, 
ASSESSMENT, AND DECISION SUPPORT TOOLS 

 
Jeffery Holland, Cary Butler, and Robert Wallace 

U.S. Army Engineer Research and Development Center 
Vicksburg, Mississippi 

 
Abstract:  Development of integrated computational tools in support of water resources 
management for the twenty-first century holds significant challenges.  The proliferation 
of the Internet, the need for coupled surface water – ground water – watershed analyses, 
and the integration of socio-economic and physically-based modeling are but three of 
these challenges.  The U.S. Army Engineer Research and Development Center, in concert 
with other Federal, industrial, and academic partners, is developing the Land 
Management System (LMS) to meet these challenges. The LMS provides for state-of-the-
art hydro-environmental modeling capabilities, connectivity to geographic information 
and database systems, and seamless access to web-based network servers. The motivation 
for development of the LMS, the technical basis of its development, and its functionality 
are presented below.  Also presented is a general view of the challenges faced in 
developing future integrated computational frameworks for water resources decision 
support. 
 

 



AN OVERVIEW OF USDA-ARS WATER QUALITY MODELS 
 

M. Th. van Genuchten, George E. Brown, Jr. Salinity Laboratory, USDA-ARS, 
Riverside, CA; L. Ahuja, J. Arnold; R. Bingner, E. Langendoen; J. Simunek; 

 and D. Bucks 
 
Abstract:  The Agricultural Research Service (ARS) is the principal research agency of 
the U.S. Department of Agriculture. The major objective of its research program in water 
quality is to develop innovative concepts for determining the movement of water and its 
associated constituents in agricultural landscapes and watersheds, and to develop new and 
improved practices, technologies, and strategies to manage the Nation's agricultural water 
resources.  As part of this water quality program, ARS over the years has developed a 
large number of process-based models that are applicable to a broad range of applications 
inside and outside of agriculture.  They range from plot- to field- to watershed-scale 
models, models that address both point and non-point source pollution problems, and 
models for assessing riparian ecosystems and water erosion.  This paper summarizes 
some of the more pertinent models that are current available.  They include: 
 
AGNPS.  This is a watershed conservation management planning tool, developed through 
a partnering project between ARS and NRCS, to assess the impact of best management 
practices on the pollutant loadings within a watershed system. National Sedimentation 
Laboratory, Oxford, MS. http://www.sedlab.olemiss.edu/AGNPS.html 
 
CONCEPTS.  The CONservational Channel Evolution and Pollutant Transport System 
computer model simulates instream hydraulic and geomorphic processes.  The model 
may be used to evaluate the long-term effectiveness of stream-corridor restoration 
designs, and to assess stream sediment TMDLS. Channel and Watershed Processes 
Research Unit, Oxford, MS.  Contact: Eddy Langendoen (ELangendoen@ars.usda.gov). 
 
GPFARM.  The Great Plains Framework for Agricultural Resource Management is a 
farm/ranch level decision support system that helps evaluate production, economics, and 
environmental impacts of different agricultural systems. This decision support system is 
being field and farm tested.  Great Plains Systems Research Unit, USDA-ARS, Ft. 
Collins, CO.  http://gpsr.ars.usda.gov/about/outcomes.htm#2 
 
HYDRUS.  These are Windows based modeling environments for simulating the one- 
(HYDRUS-1D) or two-dimensional (HYDRUS-2D) movement of water, heat, and 
multiple solutes in the vadose zone. The models include are supported by interactive 
graphics-based interfaces for data-preprocessing, finite element mesh generation, and 
graphic presentation of the results. George E. Brown, Jr. Salinity Laboratory, Riverside, 
CA.  http://www.ussl.ars.usda.gov/MODELS/MODELS.HTM 
 
REMM: The Riparian Ecosystem Management Model is a tool for assessing the 
hydrology, nutrient dynamics and plant growth of land areas between the edge of fields 
and a water body.  Output from REMM allows designers to develop buffer systems to 

http://gpsr.ars.usda.gov/about/outcomes.htm#2
http://www.ussl.ars.usda.gov/MODELS/MODELS.HTM


help control non-point source pollution.  Southeast Watershed Research Laboratory, 
Tifton, GA.  http://sacs.cpes.peachnet.edu/remmwww/ 
 
RZWQM.  The Root Zone Water Quality Model simulates the effects of agricultural 
management practices on water quality and crop production. Among the processes 
considered are the dynamics and transport of nitrogen and pesticides in soil, and their 
transfer to runoff, macropores, tile flow, and groundwater.  Great Plains Systems 
Research Unit, Ft. Collins, CO. http://gpsr.ars.usda.gov/about/outcomes.htm#1 
 
SWAT.  The Soil and Water Assessment Tool is a river basin scale model developed to 
quantify the impact of land management practices on water, sediment and agricultural 
chemical yields in large, complex watersheds with varying soils, land use and 
management conditions over long periods of time.  Grassland, Soil and Water Research 
Laboratory, Temple, TX.  http://www.brc.tamus.edu/swat/ 
 
WEPP.  The Water Erosion Prediction Project assesses the processes that lead to erosion. 
These include infiltration and runoff; soil detachment, transport and deposition; plant 
growth, senescence, and residue decomposition; and tillage and soil consolidation.  
National Soil Erosion Research Laboratory, West Lafayette, IN.  
http://topsoil.nserl.purdue.edu/nserlweb/weppmain/wepp.html 

http://sacs.cpes.peachnet.edu/remmwww/
http://gpsr.ars.usda.gov/about/outcomes.htm#1
http://www.brc.tamus.edu/swat/
http://topsoil.nserl.purdue.edu/nserlweb/weppmain/wepp.html


OVERVIEW AND STATUS OF THE HYDROLOGIC FORECAST SYSTEM 
IN THE NATIONAL WEATHER SERVICE WEATHER FORECAST OFFICES 

 
Mark J. Glaudemans, AWIPS Software Group Leader, National Weather Service, 

National Oceanic and Atmospheric Administration, Silver Spring, Maryland 
 
Abstract:  In 1996, the National Weather Service (NWS) delivered the first set of the 
Advanced Weather Interactive Processing System (AWIPS) to a limited number of NWS 
field offices.  The software provided with this limited-function release included the 
Weather Forecast Office (WFO) Hydrologic Forecast System (WHFS), which performs a 
variety of operations in support of the Hydrology program at WFOs.  Since that time, 
AWIPS has been deployed at all the NWS WFOs and the WHFS functionality has grown 
dramatically, with new functionality continually being added with each new release.   
The software and its associated relational database has grown to address operations 
outside the traditional domain of the WFO Hydrology program, and now shares the same 
database structure and provides support for selected operations at the RFCs.  The WHFS 
now encompasses the full range of hydrologic activities, from ingesting, decoding, and 
posting data, to performing quality control and event monitoring of the data, to providing 
tabular and graphical data visualization tools, to basic hydrologic modeling capabilities, 
to generating and issuing products for a wide range of user needs.  With the national 
implementation and accepted use of the WHFS, the need for field support led to the 
establishment of a dedicated operational support team.  The support team, the 
development team, and a requirements and management team all work together to 
support the demands of this mission-critical system and to provide for its future growth.   
This paper will describe the current status of the WHFS, both in terms of field 
implementation and support operations, current development activities, and planned 
development activities. 
 
 
 



APPLICATION OF HEC-6 MODEL TO EVALUATE 
THE POTENTIAL EFFECTS OF ECOSYSTEM RESTORATION PROJECTS 

 
Nani G. Bhowmik, Ph.D., P.E., Principal Scientist Emeritus,Watershed Science 
Section, Illinois State Water Survey, Champaign, Illinois; Christina Tsai, Ph.D., 

Assistant Professor, Dept. of Civil, Structural & Environmental Engineering, State 
University of New York, Buffalo, New York; Mike Demissie, Ph.D., P.E., Head, 

Watershed Science Section, Illinois State Water Survey, Champaign, Illinois 
 
Abstract:  The HEC-6 model is useful for evaluating the long-term changes in stream 
sedimentation patterns using flow hydrographs, sediment transport characteristics, 
including sediment rating curves, and data on bed material characteristics.  This modeling 
work also can be used to determine changes in river morphometry due to implementation 
of in-stream management alternatives.  This paper presents modeling results for the 
Kankakee River basin in Illinois and Indiana. 
 
The HEC-6 model was selected to test the potential changes in the bed profile of the 
Kankakee River.  The model was calibrated and verified for two separate Water Years.  It 
also was run for a period of 20 years for which stream geometry data between 1981 and 
1999 were available.  Results of the model verification runs were very good.  The model 
is being tested to determine future changes in bed profiles with and without any 
implementable projects. 
 



 
SESSION 5B - Uncertainty Estimates For Data, Parameters, And 
Results II 

 
HISTORY, STATE OF THE ART, AND FUTURE TRENDS 

IN WATERSHED MODELING 
 

Vijay P. Singh, Louisiana State University, Baton Rouge, Louisiana 
and Donald K. Frevert, US Bureau of Reclamation, Lakewood, Colorado 

 
Abstract: Reviewing the role of hydrologic modeling, a discussion of basic considerations 
employed in model construction is provided. These considerations shape the model 
architecture. A watershed hydrology model is an assemblage of component process 
models whose structures vary widely amongst existing models. Although model 
construction, calibration, and data processing have received a great deal of attention until 
now; model validation, error propagation, and analyses of uncertainty, risk and reliability 
have not received proportional attention. Finally, some remarks are made regarding the 
future outlook for watershed hydrology modeling.     
 



IMPACT OF PARAMETRIC AND RADAR-RAINFALL UNCERTAINTY ON 
FLOW SIMULATIONS FROM A DISTRIBUTED HYDROLOGIC MODEL 

 
T.M. Carpenter, Hydrologic Engineer, Hydrologic Research Center, San Diego, CA;  
K.P. Georgakakos, Director, Hydrologic Research Center, and Adjunct Professor, 

Scripps Institution of Oceanography, La Jolla, California 
 
Abstract:  The widespread implementation and use of weather radar and expanding 
databases of land use, land cover, and terrain are shaping the future of hydrologic 
modeling through the development of distributed hydrologic models capable of utilizing 
such information.  Such distributed hydrologic models allow for spatially-distributed 
precipitation and spatially-distributed parametric input.  However, significant uncertainty 
exists in both radar-rainfall estimates and in the distribution of hydrologic properties.  
This paper examines the impact of such uncertainty on flow simulations from a 
distributed hydrologic model.  The model used, HRCDHM, is a GIS-based distributed 
model which allows for spatial variation of precipitation input and model parameters.  
HRCDHM is applied to any large watershed and subdivides the watershed into smaller 
sub-catchments to which the hydrologic components are applied.  HRCDHM includes 
components for the generation of surface and subsurface runoff at the sub-catchment 
scale, and routing of channel flows through the stream network.  The 2400 km2 Illinois 
River basin in Arkansas and Oklahoma and the 1200 km2 Blue River basin in Oklahoma 
were selected as case study watersheds.  Calibrations were perform for three locations: 
the Illinois River at Tahlequah, OK (2420 km2); the Illinois River at Watts, OK (a 1600 
km2 sub-catchment of the Tahlequah basin); and the Blue River near Blue, OK (1230 
km2).  Assessments were first made on the flow simulation compared to observed flows 
for these gauged locations.  Then the sensitivity of the flow simulations to uncertainty in 
the rainfall and parametric input was studied within a Monte Carlo simulation 
framework.  Additional interior watershed locations within each watershed were included 
in the sensitivity analysis.  The results indicate that (a) the distributed model reproduces 
well the hourly observed flows at gauged locations in the study watersheds, (b) the 
sensitivities of the range of simulated flows due to rainfall uncertainty and due to 
parametric uncertainty are comparable, and (c) statistical flow sensitivity due to 
uncertainty in radar rainfall input and parametric input is scale dependent.  
 



SURFACE RUNOFF AND INFILTRATION WITH RUN-ON ON SPATIALLY 
VARIABLE HILLSLOPES 

 
N. Nahar, School of Civil Engineering, Purdue University, West Lafayette, Indiana; 
R.S. Govindaraju, School of Civil Engineering, Purdue University, West Lafayette, 

Indiana 
  
Abstract: This study presents a numerical examination of infiltration and overland flow in 
spatially heterogeneous hillslopes with special focus on investigating the role of run-on 
process. The high degree of heterogeneity exhibited by the soil parameters that govern 
the mechanisms of infiltration and overland flow on slopes necessitates a stochastic 
approach. As in previous studies, the saturated hydraulic conductivity Ks is considered to 
be a random quantity and is represented by lognormal random field. The analysis is 
performed by comparing the behavior of field scale ensemble mean and variance of 
infiltration and overland flow rate for cases with run-on and without run-on. The Green-
Ampt model is used to describe infiltration at the local scale as it has parameters that can 
be easily estimated for a wide range of soils. An extensive set of Monte Carlo simulations 
with supporting theoretical analysis is developed. Field-scale mean and variance of 
infiltration as functions of time are computed for different parameters of the random Ks 
field. Results reveal that the influence of run-on can be quite substantial in heterogeneous 
hillslopes. In the presence of run-on, mean field-scale infiltration increases, which in turn 
has a dramatic influence on hillslope hydrograph especially in recession phase. Non-
dimensional formulation of the ensemble averaged mean and variance of infiltration and 
overland flow is presented with the aid of scaled variables. Two dimensionless numbers 
γ, and β, expressing the characteristic time scales that govern infiltration and overland 
flow are presented. 
 



A RELIABILITY ESTIMATION IN HYDROLOGICAL MODELLING WITH 
TOPMODEL 

 
Mahfoudh Rouabah, Hydraulics Unit, Gembloux Agricultural University – Belgium 
 
Abstract: In hydrological modelling, we are often confronted to several sources of 
uncertainties: data, model parameters, and the model structure. In spite of the 
improvement of the quality of the model, uncertainties are always existing. Such 
uncertainties include: errors in data, errors in the model conception and greatly other. It is 
necessary to note that until now, there is not a universal method to eliminate these errors. 
One can find methods to study values limits of these errors with the approach of 
reliability, so they can be reduced to a minimum. 
 
As in several domains, the reliability approach is also developed and applied in the water 
resources domain, notably the hydrology. Several works have been developed to analyse 
effects of parameter uncertainties on the modelling of out-flows with the analysis of 
reliability.  Garen and Burges (1981) used the method of the second moment and the 
first-order (FOSM) to analyse the contribution of parameters in the variation of 
uncertainties in the floods forecasting. Kuczera (1988) used the same method of 
MVFOSM to define intervals of confidence of two simple nonlinear models predictions. 
Wood (1976) used the first and the second statistical moments of the frequency 
distribution of floods generated by a deterministic model to study the effect of a 
parameter uncertainties. 
 
The analysis of reliability of a hydrological model is an operational tool that permits to 
study its ability to take into account the uncertain behaviour of a physical system that is 
the watershed. By analogy to the general concept of the hydraulic system reliability 
introduced by Yen and al., (1986), Yang and Parent (1996) defined the reliability of an 
hydrological model as the probability of the deviation between performances of the two 
calibration. They proposed a limited development of the first order of an efficiency 
function around the working point of the model. 
 
There are not any precise data for the quantitative evaluation of the hydrological model 
reliability. Generally the spatial variability of the hydraulic properties of soil, is 
considered often as of realisations of a spatial stochastic process and generate deviations 
owed to the uncertain variables. For the quantitative evaluation of reliability and to reveal 
its dependence of the hydrological model parameters, one generally takes in 
consideration influence of the uncertain character of data. 
this survey is presented here to use the reliability analysis to evaluate the combined effect 
of parameters on the reliability of a physically based hydrological model which is 
TOPMODEL developped by Beven (1979). At the same time, we show the contribution 
of each  parameter in the results uncertainties. 
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GREAT LAKES LARGE BASIN RUNOFF MODEL 

 
Thomas E. Croley II and Chansheng He 

Great Lakes Environmental Research Laboratory, NOAA, USDOC 
Ann Arbor, Michigan 

 
Abstract:  Agencies concerned with managing the water resources of large watersheds, 
particularly over large time intervals, must be able to assess the expected hydrology of 
the area.  Large-scale watershed models are required to estimate basin runoff to the Great 
Lakes for use in long-term routing determinations, water resource operation decisions, 
operational hydrology studies, and long-term forecasting.  These models must be 
designed as continuous-time flow representations for assessing water resource questions 
over the long term (as opposed to, say, flood prediction over the short term).  The models 
must satisfy limited-data requirements, mandated by the data availability for large areas 
such as the Great Lake basins.  Allowable data inputs are limited to daily precipitation 
and air temperature.  Also allowed are any data that can be abstracted easily from 
available maps or climatic summaries.  It is also desired that model concepts be 
physically based, so that understanding of watershed response to natural forces is 
facilitated, and the models are economical to use.  (There are 121 basins in the Great 
Lakes area for model applications and their integrated response is to be used in 
simulation studies and in forecasting of water levels on the lakes.) 
 
The Great Lakes Environmental Research Laboratory built its Large Basin Runoff Model 
for modeling river systems within the Laurentian Great Lakes Basin.  This interdependent 
tank-cascade model is a lumped-parameter model for weekly or monthly volumes of 
runoff at the mouth of a watershed (a one-dimensional model).  It is physically based and 
uses climatological considerations not possible for small watersheds; analytical solutions 
are employed to bypass numerical inaccuracies.  Snowmelt and net supply computations 
are based on simple degree-day empiricism.  Snowmelt and rainfall partly infiltrate into 
the soil and partly run off directly to rivers, depending upon the moisture content of the 
soil.  Infiltration is high if the soil is dry, and surface runoff is high if the soil is saturated.  
Partial area concepts are used to determine infiltration and surface runoff.  Soil moisture 
evaporates or is transpired by vegetation depending upon the types of vegetation, the 
season, solar radiation, air temperature, humidity, and wind speed.  Losses are 
determined from joint consideration of available energy for actual and potential 
evapotranspiration (in a complementary relationship) and of available moisture in the soil 
horizons by using climatological concepts.  In particular, evapotranspiration losses for 
large areas may now be considered as a function of readily available data.  The remainder 
percolates into deeper basin storages that feed the rivers and lakes through interflows and 
groundwater flows.  Generally, these river supplies are high if the soil and groundwater 
storages are large.  Because of this buffering effect of the large snow pack and the large 
soil, groundwater, and surface storages, runoff from rivers can remain high for many 
weeks or even months after high precipitation has stopped.  Each of these storages is 



modeled by using a mass balance coupled with linear reservoir concepts.  Heuristic 
calibration procedures are described that give insight into the use of the model.  The 
model is applied in an example watershed and it and its calibration are evaluated. 



WATER AVAILABILITY MODELING ACROSS FOUR STATE BOUNDARIES 
 

David Harkins, Ph.D., P.E., Managing Engineer, Espey Consultants, Inc.; W.H. 
Espey, Jr., Ph.D., P.E., President, Espey Consultants, Inc.; Danny Lien, P.E., Water 

Availability, Modeling Project Manager, Texas Natural Resource Conservation 
Commission; Herman Settemeyer, P.E., Interstate Compact Coordinator, Texas 

Natural Resource Conservation Commission 
 
Abstract:  Senate Bill 1 (SB1), passed by the Texas Legislature in 1997, required the 
Texas Natural Resource Conservation Commission (TNRCC) to develop water 
availability models for 22 of the 23 river basins in Texas.  Although the State of Texas, 
specifically the TNRCC and its predecessor agencies, have completed various forms of 
water availability models over the last several decades, the passing of SB1 began a new 
phase of water availability modeling in Texas.  The goal of SB1 was to create water 
availability models that are more comprehensive and reliable, have better documentation 
and are more standardized than the older models.  Reliability tables are developed from 
the modeling results for each of the water rights to allow each water right holder to 
ascertain the reliability of their water right during drought and normal conditions.  The 
TNRCC also utilizes the models to grant new water rights in river basins that have 
unappropriated water. 
 
The TNRCC has established general procedures to be used in all river basins to allow the 
models to be standardized.  The Water Rights Analysis Package (WRAP) computer 
model, developed at Texas A & M University, was used for the actual water availability 
calculations.  Data required by WRAP includes naturalized flows, evaporation and area-
capacity data for major reservoirs (>5,000 acre-feet), water rights information, 
connectivity of water right locations and drainage areas for each water right.  Naturalized 
flows are the flows that would have occurred in the absence of human activities such as 
reservoir development, water diversions and return flows.  The WRAP model 
incorporates the Prior Appropriation Doctrine (Texas water law) in its simulation routines 
and balances available water in terms of streamflows against the specified demands of 
diversions and storage amounts of existing water rights.   
 
The primary focus of this paper is the development of the water availability model for the 
Red River Basin in Texas.  The entire Red River Basin encompasses portions of New 
Mexico, Texas, Oklahoma, Arkansas and Louisiana.  The Red River Basin in Texas is 
surrounded by the Canadian River Basin to the north (in the Panhandle of Texas) and the 
Brazos, Trinity and Sulphur River Basins to the south.  There are 271 separate water 
rights and 24 major surface water reservoirs located within the Red River Basin in Texas.   
 
The Red River Basin presented the TNRCC with the unique challenge of modeling the 
Red River Compact.  The Red River Compact is an interstate agreement between Texas, 
Oklahoma, Arkansas and Louisiana.  The Compact divides the Red River Basin into five 
reaches.  Reaches IV and V were not included in the model because these reaches 
contribute to the Red River downstream of Texas and thus do not effect the available 
water.  Reaches I through III were modeled with a variety of options that are available in 



WRAP, including instream flow requirements, naturalized flow percentage reductions, 
target options and the drought index.  This paper describes these options and how each 
was used to model the available streamflow between the four states. 



A DEVELOPMENT FRAMEWORK FOR TWO-DIMENSIONAL LARGE BASIN 
OPERATIONAL HYDROLOGIC MODELS 

 
Chansheng He and Thomas E. Croley II 

Great Lakes Environmental Research Laboratory, NOAA, USDOC, 
 Ann Arbor, Michigan 

 
Abstract:  Large-scale operational hydrologic models are essential tools in support of 
multiple water resource applications such as flood control, navigation, irrigation, and 
habitat management, etc., at the regional or continental scales.  These models, unlike 
micro scale watershed models, are defined over large areas (>103 km2) and long time 
scales (typically for use over monthly and annual or longer time scales at a daily 
interval).  Often constrained by limited data availability, computational requirements, and 
model application costs over larger areas, large-scale models must have few parameters, 
use easily accessible meteorologic and hydrologic databases, and be user-friendly.  
Horberger and Boyer (1995) found that better representation of spatial and temporal 
variability and appropriate parameterization of hydrologic processes have become critical 
in recent years.  They reviewed recent advances in watershed modeling pertinent to use 
of Geographic Information Systems (GIS), remotely sensed data, and environmental 
tracers for micro scale modeling.  This paper addresses the needs and challenges of large-
scale operational hydrologic models through the development of a modeling framework.  
It focuses on advances in parameterization of the infiltration and evapotranspiration 
processes and on the representation of large-scale spatial variability.  It first reviews 
recent developments in hydrologic modeling and then proposes a developmental 
framework for integrating remote sensing, multiple databases, and emerging hydrologic 
algorithms in two-dimensional large-scale runoff modeling.  Finally an application of the 
proposed framework is made for the Laurentian Great Lakes by spatially extending the 
lumped-parameter large basin runoff model (LBRM) developed at the Great Lakes 
Environmental Research Laboratory (GLERL). 
 



DEVELOPMENT OF KANSAS RIVER BASIN HYDROLOGY IN SUPPORT OF 
THE MISSOURI RIVER FLOW FREQUENCY STUDY 

 
Amy L. Owens, E.I.T., Water Resources Engineer, HNTB Corporation, Kansas 

City, Missouri; David W. Renetzky, P.E., Water Resources Engineer, HNTB 
Corporation, Kansas City, Missouri; Gordon R. Lance, P.E., Senior Water 
Resources Engineer, U.S. Army Corps of Engineers, Kansas City, Missouri 

 
Abstract: The Upper Mississippi River System Flow Frequency Study is a Corps of 
Engineers project with the overall objective of updating the flow frequency relationships 
and flood profiles for the Mississippi River above Cairo, IL, the lower Illinois River, and 
the Missouri River downstream of Gavins Point, SD.  There are five Corps of Engineers 
(COE) Districts involved in this study, including the Kansas City District.  One of the 
project's critical components was the development of unregulated and regulated flows 
from the Kansas River, the largest Missouri River tributary in the Kansas City District.  
Developing these continuous periods of outflows was a particularly complex process due 
to the presence of eighteen flood control lakes in the basin.  See the following figure 
depicting the Kansas River basin.  The work necessary to complete this task was 
performed under contract with HNTB Corporation. 
 
A hydrologic model of the Kansas River Basin's middle and lower portions simulated the 
movement of water through the basin.  The modeling was based on daily mean 
discharges from a series of stream gaging stations within the Kansas River Basin, many 
of which dated back to 1919.  Because there were gaps in the observed flow data at most 
gages and not all gage records extended back to 1919, a statistical cross-correlation 
procedure was developed to fill in the missing data.  The goal of ultimately producing a 
flow frequency curve based on the entire study period began with analysis of an observed 
model and progressed to an unregulated flow model.  The regulated flow data sets for the 
Kansas River Basin could then be completed. 
 



 
SESSION 5D - Modeling Water Quality III 

 
USING ARTIFICIAL NEURAL NETWORK MODELS TO ESTIMATE WATER 

TEMPERATURES IN SMALL STREAMS IN WESTERN OREGON 
 

John C. Risley, Hydrologist, U.S. Geological Survey, Portland, Oregon 
Edwin A. Roehl Jr., OptiQuest Technologies, LLC, Greenville, So. Carolina 

 
Abstract:  As a water-quality characteristic, water temperature is a major concern in 
Oregon. Temperature affects dissolved oxygen concentrations, biochemical oxygen 
demand rates, algae production, and contaminant toxicity. Temperature also has a major 
effect on the distribution, health, and survival of native salmonids (salmon, trout, and 
charr) and other aquatic species. Although elevated water temperatures occur naturally, 
they are also induced by anthropogenic activities such as effluent point sources, removal 
of riparian shading, stream channel alterations, water diversions, and urbanization. To 
reduce the effects of elevated water temperatures, the State of Oregon is developing Total 
Maximum Daily Load (TMDL) plans for stream reaches that exceed State standards. A 
reliable method of estimating water temperatures that reflect “natural” or undisturbed 
conditions for these currently disturbed reaches was needed. In response to this need, 
neural network models were developed to estimate “natural” water temperatures in small 
streams using data collected at 148 sites throughout western Oregon from June to 
October 1999. The sites were located on 1st, 2nd, or 3rd order streams having 
undisturbed or minimally disturbed conditions. Data collected at each site included 
hourly water temperature and riparian habitat. Additional data pertaining to the landscape 
characteristics of the basins upstream of the sites were assembled using geographic 
information system (GIS) techniques. Hourly meteorological time series data collected at 
25 locations within the study region were also assembled. Cluster analyses were used to 
partition 142 sites into 3 groups. Separate models were developed for each group. The 
riparian habitat, basin characteristic, and meteorological time series data were 
independent variables and water temperature time series were dependent variables to the 
models, respectively. Approximately one-third of the data vectors were used for model 
training and the remaining two-thirds were used for model testing. Critical input variables 
included riparian shading, site elevation, and percent forested area of the basin. Root 
mean square error for the models ranged from 0.05 to 0.59 degrees Celsius. Final output 
from the models included a simulated hourly temperature time series from June to 
October. The models also were validated using temperature time series, habitat, and basin 
landscape data from 6 sites that were separate from the 142 sites used to develop the 
models. 
 



DEVELOPMENT OF A NEURAL NETWORK MODEL FOR DISSOLVED 
OXYGEN IN THE TUALATIN RIVER, OREGON 

 
Stewart A. Rounds, Hydrologist, U.S. Geological Survey, Portland, Oregon 

 
Abstract:  Dissolved oxygen concentrations in the lower reaches of the Tualatin River in 
northwest Oregon are the result of many processes.  Temperature imposes a seasonal 
signal through the solubility of oxygen in water.  Streamflow determines the travel time 
through the system and affects the amount of oxygen consumed via processes such as 
ammonia nitrification and the decomposition of organic material in the sediment and 
water column.  Streamflow also affects the rate of oxygen exchange across the air/water 
interface.  The available solar energy limits the photosynthetic production of oxygen by 
phytoplankton. 
 
Many of the processes that affect dissolved oxygen concentrations in the Tualatin River – 
solubility, sediment oxygen demand, photosynthesis, respiration, biochemical oxygen 
demand, and reaeration – are controlled to some extent by physical and meteorological 
factors such as streamflow, air temperature, and solar radiation.  To test the extent of that 
control, an artificial neural network model was constructed to predict dissolved oxygen 
concentrations in the Tualatin River at the Oswego Dam using only air temperature, solar 
radiation, rainfall, and streamflow as inputs.  The Oswego Dam is a low-head structure 
located on a bedrock sill 5.5 kilometers upstream from the river's mouth.  Hourly 
dissolved oxygen concentrations have been collected there since 1991; the available 
dataset spans more than 10 years. 
 
Feedforward neural network modeling techniques, the most widely used type, were 
applied to this dataset.  Data were segregated into calibration, verification, and test 
subsets.  Two neural network models were constructed in series: the first model simulated 
daily mean dissolved oxygen concentrations, while the second superimposed any daily 
periodic signals.  The final calibrated neural network models predicted the dissolved 
oxygen concentration with acceptable accuracy, producing high correlations between 
measured and predicted values (correlation coefficient of 0.83, mean absolute error less 
than 0.9 milligrams per liter).  By some measures, neural network model performance 
was better than that of a calibrated, mechanistic model of dissolved oxygen in the 
Tualatin River.  As expected, however, dissolved oxygen concentrations affected by 
factors other than the physical and meteorological factors used as model inputs, such as 
large point-source ammonia releases, were not predicted well by the neural network 
model.  Nevertheless, the neural network model demonstrated potential for use as a river 
management and forecasting tool to predict the effects of flow augmentation and near-
term weather conditions on Tualatin River dissolved oxygen concentrations. 
 



DEVELOPMENT OF A DISSOLVED OXYGEN MODEL FOR THE BEAUFORT 
RIVER USING NEURAL NETWORK MODELS 

 
 Paul A. Conrads, U.S. Geological Survey; Edwin A. Roehl; and Bill Martello 

 
Abstract:  The Beaufort River is a complex estuarine river system that supports a variety 
of uses including shellfish and fisheries habitats, shipping access to Port Royal, receiving 
waters for reclaimed wastewater, and an 18-mile section of the Intracoastal Waterway. 
The river is on the South Carolina Department of Health and Environmental Control list 
of impaired waters for low dissolved-oxygen concentrations.  The Clean Water Act 
stipulates that Total Maximum Daily Loads (TMDLs) must be determined for all 
impaired waters.  Critical in the development of defensible TMDLs is that the linkage 
between the impairment and the source of the impairment be clearly established. 
 
Dynamic, multi-dimensional, deterministic models are typically the tools used by 
regulators for establishing TMDLs for complex coastal waters.  As an alternative to 
physics-based models, data mining techniques, including artificial neural network 
models, have been used to model the dissolved oxygen of the Beaufort River.  Data 
mining is a powerful tool for analyzing large databases to solve problems that are 
extremely complex because of the large numbers of variables and their interaction.  Data 
mining methods come from different technical fields such as signal processing, statistics, 
and artificial neural networks.  This knowledge encompasses both understanding of 
cause-effect relationships and predicting the consequences of alternative actions. 
 
In order to gain a better understanding of the Beaufort River and its tributaries, the 
Beaufort-Jasper Water and Sewer Authority (BJWSA) requested that the U.S. Geological 
Survey (USGS), OptiQuest Technologies, and Jordan, Jones & Goulding, develop data 
mining techniques that could be applied to determine the effect of point-source 
discharges on dissolved-oxygen concentrations.  To support the modeling data needs, 
BJWSA, in cooperation with the USGS, established a network of real-time gaging 
stations in the Beaufort and Broad River Basins.  The water-quality data collected from 
these stations were combined with meteorological data and effluent data from wastewater 
treatment plants to form a database suitable for data mining. 
 
The data mining approach consisted of systematically analyzing the variability of the 
instream dissolved-oxygen concentration due to hydrologic and water-quality variables, 
meteorological variables, and effluent loading of five-day biochemical oxygen demand 
and ammonia. The data mining successfully calculated the sensitivity of the point source 
loads on instream dissolved-oxygen concentrations.  Sensitivities were performed for 
each treatment plant in the system and the impact on the dissolved-oxygen concentrations 
at each gaging station location.  From this information, a longitudinal, empirical model of 
the system was developed that accurately predicts the response of instream dissolved-
oxygen concentration to changes in hydrologic, meteorological, and point-source loading 
conditions.  The neural network model will be used by State regulators to develop waste 
load allocations consistent with the TMDLs. 
 



BASIS FOR THE CE-QUAL-W2 VERSION 3 RIVER BASIN  
HYDRODYNAMIC AND WATER QUALITY MODEL 

 
Scott A. Wells, Ph.D., Department of Civil Engineering, Portland State University, 

Portland, Oregon 
 
Abstract:  CE-QUAL-W2 Version 3, a 2-D (longitudinal-vertical) hydrodynamic and 
water quality model for river basins combining both river and stratified river-estuary and 
lake-reservoir flow, is a development product of the Waterways Experiment Station in 
Vicksburg, MS, USA. With the development and release of any revised or reformulated 
model codes, significant model validation is required. This includes comparison of model 
results to simple analytical solutions for hydrodynamics and water quality transport, as 
well as comparison to laboratory and field data. In this paper, the model is compared to 
numerous analytical solutions for mass transport (1-D advective mass transport) and 
hydrodynamics (impulsive wind stress on water surface, seiching). Suggestions are 
presented for proper validation protocols for hydrodynamic and water quality models. 
 



 
SESSION 7A - Agency Specific Hydrologic Modeling Practices IV 

 
NATIONAL WEATHER SERVICE SITE SPECIFIC HYDROLOGIC 

MODELING AND FORECASTING 
 
Larry E. Brazil, Gerald N. Day, and Kathryn Goodwin, Riverside Technology, Inc; 

George F. Smith, National Weather Service 
 
Abstract:  The National Weather Service (NWS) is investigating options for developing 
capabilities for Weather Forecast Offices (WFO) to perform hydrologic simulations for 
areas linked to hydrologic conditions maintained at River Forecast Centers (RFC).  The 
NWS WFO's need a tool that will enable them to produce hydrologic forecasts for basins 
with short lead times.  In this case, short means basins with response times less than the 
time that would be required for an RFC to produce a forecast.  This tool has the following 
requirements: 
The tool should be robust. 
The tool should not require a lot of user interaction. 
It should not require the user to be a hydrologic forecaster. 
The tool should be simple, but flexible enough to handle a wide range of hydrologic 
conditions that occur in small basins with response times less than a day.  For example, it 
should include the ability to model snowmelt, rainfall/runoff, and the effect of small 
impoundments. 
The tool should be consistent with the modeling approach used at the RFC, so that 
information from the RFC concerning hydrologic conditions of the area can be used to 
ensure proper operation of the WFO tool. 
The tool should allow for easy updating of rating curves. 
The tool should allow for changes to the data network. 
The tool should allow the input of Quantitative Precipitation Forecasts (QPF) and 
temperature forecasts. 
One system under consideration is the RiverTrak system installed recently at the Reno 
WFO for watersheds in Washoe County, Nevada. 
 



 
PREDICTING SYSTEM RESPONSE IN WATERSHEDS WITH SURFACE 

WATER AND GROUNDWATER INTERACTION 
 
Charles W. Downer, Research Hydraulic Engineer, Stacy E. Howington, Research 
Hydraulic Engineer, Cary A. Talbot, Research Hydraulic Engineer, and Hsin-Chi 
Lin, Research Hydraulic Engineer, Coastal and Hydraulics Laboratory, Engineer 

Research and Development Center, Vicksburg, Mississippi; Fred L. Ogden, 
Associate Professor, University of Connecticut, Storrs, CT; Gour-Tsyh Yeh, Provost 

Professor, University of Central Florida, Orlando, FL; Norman Jones, Associate 
Professor, and Jim Nelson, Assistant Professor, Brigham Young University, Provo, 

UT; Hwai-Ping Cheng, Assistant Professor, National Tsing Hua University, 
Hsinchu, Taiwan; Jing-Ru C Cheng, PhD Candidate, Pennsylvania State University, 

University Park, PA 
 
Abstract:  The Hydrologic Systems Branch, within the Coastal and Hydraulics 
Laboratory, Engineering Research and Development Center, supports the US Armed 
Forces and other Federal agencies by developing, modifying and applying numerical 
models to predict stream flows, depths, groundwater flows and heads, as well as sediment 
and constituent movement both above and below the ground surface.  Historically, a 
divide has existed between surface water and groundwater modelers, each group treating 
the other’s domain as merely sources and sinks.  Studies to determine water supply, 
assess water quality, and conduct environmental remediation commonly require more 
intimate knowledge of the movement of water between surface and sub-surface 
hydrologic systems.  The Hydrologic Systems Branch, in collaboration with its university 
partners, is currently developing, testing, and applying a variety of methods to simulate 
groundwater and surface water interactions.  Different modeling approaches emphasize 
different parts of the system, with some models focusing more on groundwater and some 
focusing more on surface water.  Several solution methods are being investigated, 
including finite difference, finite volume, finite element, and adaptive finite element 
models.  With a variety of tools available, the proper model can be selected based on the 
particular needs of the project.  Simulating interactions between surface and subsurface 
hydrologic systems often requires the exchange of data and results between models of 
disparate data types, resolutions and dimensions.  Modeling system tools for seamlessly 
performing these exchanges are essential for producing simulation results.  As hydrologic 
models mature they are incorporated into the US Department of Defense xMS modeling 
systems. 
 



CORPS WATER MANAGEMENT SYSTEM DECISION SUPPORT MODELING 
 

William J. Charley, Senior Technical Specialist and  
Thomas A. Evans, Senior Hydraulic Engineer,  

Water Management Systems Division, U.S. Army Corps of Engineers, 
 Hydrologic Engineering Center, Davis, California 

  
Abstract:  The U.S. Army Corps of Engineers has developed a comprehensive data 
acquisition and hydrologic modeling system for real time decision support of water 
control operations.  This system, known as the “Corps Water Management System”, or 
CWMS, is currently being implemented at Corps offices through out the United States.  
CWMS retrieves precipitation, river stage, gate settings and other data from field sensors, 
and validates, transforms and stores those measurements in a database.  The 
measurements are used for calibration and adjustment of hydrologic and hydraulic 
models to reflect current conditions.  The gauged precipitation, combined with 
Quantitative Precipitation Forecasts (QPF) or other future precipitation scenarios, are 
used by the HEC-HMS hydrology model to forecast possible future river flows into and 
downstream of reservoirs.  The reservoir operations model, HEC-ResSim, uses these flow 
scenarios to provide operational decision information for the engineer.  The river 
hydraulics program, HEC-RAS, computes river stages and water surface profiles for 
these scenarios.  An inundation boundary and depth map of water in the flood plain can 
be calculated from the HEC-RAS results using ArcInfo, and viewed with CorpsView, a 
geo-spatial data viewer based on ArcView.  The economic impacts of the different flows 
are computed by HEC-FIA.  This sequence of modeling software allows engineers to 
evaluate operational decisions for reservoirs and other control structures, and view and 
compare hydraulic and economic impacts for various “what if?” scenarios. 
 
 
 



 
 

MIKE SHE –  
A GENERALIZED INTEGRATED HYDROLOGICAL MODELING SYSTEM 

 
Jesper T. Kjelds, DHI Inc., Trevose, Pennsylvania; Henrik R. Sorensen, DHI Water 
& Environment, Hoersholm, Denmark; and Roger Copp, DHI Inc., Tampa, Florida 
 
Abstract:  MIKE SHE is an integrated hydrologic modeling system that describes the 
entire land phase of the hydrologic cycle (see www.dhisoftware.com/mikeshe). In the 
most advanced mode MIKE SHE is a fully distributed, physically based model that 
solves governing equations for 2D-overland flow, 1D-channel flow, 1D-unsaturated zone 
flow and 3D-groundwater flow. During the past decade MIKE SHE has gradually moved 
from being a complex research oriented simulation tool towards a true engineering tool. 
Today MIKE SHE offers sophisticated GUI facilities, GIS integration and a suite of 
physically based and simplified conceptual simulation modules that may be combined as 
needed. This approach flexibility makes MIKE SHE a generic and flexible modeling 
system that can be tailored to simulate almost any hydrologic/hydraulic regime and to 
almost any modeling scale. Here we need to mention water quality, non point source 
models and instream water quality In recent years MIKE SHE has been applied under a 
variety of different hydrological conditions in the US.  Since 1996 MIKE SHE has been 
used for a number of modeling studies in South Florida especially by the South Florida 
Water Mangement District (SFWMD). These studies have primarily been focusing on 
water balance, agricultural and domestic water use and on wetland protection issues. 
Examples on such MIKE SHE applications include the entire Caloosahatchee basin, the 
Big Cypress Basin and the Estero Bay basin. In the Kissimmee chain of lakes in South-
Central Florida MIKE SHE has been used to study the environmental impacts from Lake 
drawdowns and as such the code has played an important role in the formulation of 
Environmental Impact Statements. The code is currently being used as a combined 
stormwater drainage and water resources model to simulate flows in a watershed along a 
highly urbanized stretch along the South-Florida East Coast. Physically based, continuos 
simulation of surface water and groundwater of such complex and controlled hydraulic 
systems is a relatively new area of application for MIKE SHE. It is clear that modelling 
tool as MIKE SHE is highly applicable and relevant for this type of application and 
appears as an exponent of the most sophisticated integrated modeling approach currently 
available. Finally, MIKE SHE is being used under completely different hydrological 
conditions to simulate the semi-arid hydrology and the water balance of the Rocky Flats 
Evironmental Technology Site in Colorado. Consequently, MIKE SHE is now being used 
and tested under a range of new conditions and under very complicated and controlled 
hydraulic regimes in South Florida and in Colorado. The paper will provide a summary 
of key-experiences and conclusions from these new MIKE SHE application types.  
 



SESSION 7B - Environmental Modeling 
 

EVALUATING WATER ALLOCATIONS FOR DROUGHT MANAGEMENT 
 
Sharon G. Campbell, Aquatic Ecologist, USGS, MESC, Fort Collins, CO; Marshall 
Flug, Research Hydrologist, USGS, MESC, Fort Collins, CO; and R. Blair Hanna, 

Graduate Research Associate, Civil Engineering Department, Colorado State 
University, Fort Collins, CO 

 
Abstract:  Water supplies and allocations for the Klamath River, OR and CA were 
evaluated using SIAM (Systems Impact Assessment Model), a decision support system 
developed by U.S. Geological Survey.  SIAM is a set of models in a windows interface 
that provides water supply and delivery in a managed river system, predicts water quality 
and simulates fish production.   SIAM was used to explore the potential for changing 
river and reservoir system operations to improve downstream water quality under drought 
conditions.  The Klamath River Basin has experienced drought conditions in three of the 
past ten years i.e., 1992, 1994, and 2001.  Hydrologic input and flows for 1992 hydrology 
were used as a surrogate for a series of management alternatives reducing water delivery 
and use for irrigation, power production, and endangered species in both the lake and 
riverine segments of the Basin.  Resource managers in the Klamath Basin have used 
SIAM to determine the impacts of specific legal and institutional flow constraints during 
droughts and to identify potential adverse water quality consequences. 
 



THE ECOSYSTEM FUNCTIONS MODEL 
 

Christopher Dunn, Chief, Water Resource Systems Division, U.S. Army Corps of 
Engineers, Hydrologic Engineering Center, Davis, CA; John Hickey, Hydraulic 

Engineer, U.S. Army Corps of Engineers, Hydrologic Engineering Center, Davis, 
CA; Hongbing Yin, Hydrologic Engineer, CALFED Bay-Delta Program, 

Sacramento, CA 
 
Abstract:   The Hydrologic Engineering Center (CEIWR-HEC), in conjunction with the 
Sacramento and San Joaquin River Basins Comprehensive Study, is developing the 
Ecosystem Functions Model (EFM).  The EFM is a planning tool that analyzes ecosystem 
response to changes in flow regime.  It is applicable to a wide range of ecotypes and 
Corps’ projects. The model uses hydrologic and hydraulic data, statistical analyses, and 
GIS spatial coverages to help predict biological responses to proposed study alternatives.   
Environmental planners, biologists, and engineers would use the EFM to help determine 
whether the proposed study alternatives (e.g., reservoir operations, channel modifications 
or levee alignments) would maintain, enhance, or diminish ecosystem health.  Three pilot 
applications of the EFM have been performed in the Sacramento and San Joaquin River 
Basins.  HEC is exploring other opportunities to use the EFM outside of California.  This 
paper discusses the development of the EFM, presents its capabilities, addresses case 
studies done to date, and emphasizes the advantages of the EFM process.  A beta release 
of the EFM is expected by the end of May 2002. 
 
 



COMPLEXITIES OF ECOSYSTEM AND RIVER MANAGEMENT DECISIONS 
 

Marshall Flug, Research Hydrologist, USGS, Midcontinent Ecological Science 
Center (MESC), Fort Collins, Colorado; Sharon G. Campbell, Aquatic Ecologist, 

USGS, MESC, Ft. Collins, Colorado; R. Blair Hanna, Graduate Research Associate, 
Civil Engineering Department, Colorado State University, Fort Collins 

 
Abstract: Beginning in the 1960's, an increase in the public’s environmental ethics, 
federal species preservation, water quality protection, and interest in free flowing rivers 
have evolved to the current concern for stewardship and conservation of natural 
resources.  This heightened environmental awareness creates a desire for data, models, 
information management, and systematic analysis of multiple scientific disciplines.  A 
good example of this information and analysis need resides in the Green and Yampa 
Rivers in the Upper Colorado River Basin.  These rivers are home to endangered native 
fish species including the pikeminnow and razorback sucker.  The Green River 
headwaters are impounded by two dams, Fontenelle and Flaming Gorge.  The two 
reservoirs store water supplies as well as generate hydropower.  Conversely, the Yampa 
River is considered unregulated and encompasses most of Dinosaur National Monument.  
Recreation is highly regarded on both rivers including fishing, whitewater rafting, and 
aesthetic values.  Vast areas of irrigated agriculture, forestry, and mineral extraction also 
surround these rivers.  To address this information need, we have developed a prototype 
Environmental Resources Analysis System (ERAS) spreadsheet based decision support 
system.  ERAS provides access to historic data sets, scientific information, statistical 
analysis, model outputs, and comparative methods all in a familiar and user-friendly 
format.  Information is displayed using graphics, maps, color, editable data tables, digital 
photos and/or short movie clips of river sections or attributes (e.g., cross-sections, 
spawning bars), and simulation graphics.  This research project demonstrates a simplified 
decision support system for use by a diverse mix of resource managers, special interest 
groups, and individuals concerned about the sustainability of the Green and Yampa River 
ecosystem. 



 
 

MODELING ANNUAL FOREST WATER YIELD AND 
EVAPOTRANSPIRATION ACROSS THE SOUTHERN US 

 
G. Sun, Research Assistant Professor, North Carolina State University, Raleigh, 

North Carolina; S. McNulty, Ecologist and Project Leader, USDA Forest Service, 
Raleigh, North Carolina; D. Amatya, Hydrologist, USDA Forest Service, 
Charleston, South Carolina; Y. Liang, Associate Engineer; WRIME, Inc., 

Sacramento, California; J. Lu, Graduate Assistant, NCSU; and R. Kolka, Soil 
Scientist and Project Leader, USDA Forest Service, Grand Rapids, Minnesota 

 
Abstract: One of the major concerns of forest management is water quality degradation 
due to elevated runoff and soil disturbance. On-going climate change adds another 
dimension to the hydrologic and water quality responses to intensive forest management 
practices. Past forest hydrologic research suggests hydrologic responses from forest 
disturbance and climate change show varying magnitude across a climatic and 
topographic gradients. Such diverse responses require different management strategies.  
By scaling up watershed-scale studies, we developed a generalized empirical model that 
predicts water yield effects of forest harvesting and climate change across the Southern 
US. Independent variables in the model include precipitation, potential 
evapotranspiration, land cover types, and topographic characteristics.  This paper presents 
model validation at watershed and regional scales, using USGS streamflow data and 
long-term observation data from experimental watersheds across the southern US. We 
applied the model to the southern region by integrating with landcover and high 
resolution climate databases by using a Geographic Information Systems (GIS). 
Vulnerable and sensitive areas of potential hydrologic responses to forest management 
practices are identified to provide scientific information to land managers across the 
region. 



SESSION 7C - Agricultural Modeling I 
 

DISCUSSION OF THE BENEFITS AND LIMITATIONS OF THE MODELS 
AGNPS AND ANNAGNPS 

 
V. L. Finney, Natural Resources Conservation Service, Davis, California 

 
Abstract:  Case studies are used to discuss the strengths and weaknesses of the models 
AGNPS vs. 5.0 and AnnAGNPS vs. 2.02.  The case studies used to discuss application of 
the models are Cold Creek, S. Lake Tahoe, El Dorado County, CA. and Clear Creek 
Watershed, Shasta County, CA.  An EXCEL template is used to facilitate comparisons of 
model calculated fifty year data to field data.  Model calculated data sets are compared to 
Lake Tahoe Interagency Monitoring Program (LTIMP) data sets for Lake Tahoe.  The 
author uses his personal experience as a participant in development of the AGNPS model 
from 1989 to 1992 and as a BETA tester of the AnnAGNPS model to compare the 
usability, process modeling, and spatial accuracy of the two models. 
 
 



APPLICATION OF AGNPS ON SMALL AND LARGE SCALE WATERSHEDS 
FOR CONSERVATION MANAGEMENT PLANNING 

 
R. L. Bingner, Agricultural Engineer, National Sedimentation Laboratory, 

Agricultural Research Service, USDA; and F. D. Theurer Agricultural Engineer, 
National Water & Climate Center, Natural Resources Conservation Service, USD 

 
Watershed assessment throughout the U.S. requires the innovative use of watershed 
modeling technology to help determine what is needed to reduce the pollution generated 
within a watershed.  The USDA-ARS/NRCS Agricultural Non-Point Source Pollution 
watershed modeling technology (AGNPS) was developed to assist watershed 
management activities from federal (NRCS, EPA, USGS, USCOE, BLM, etc.), state 
(DEQ’s, Universities, etc.), local (cities, producer cooperatives, consultants) groups and 
cooperatives involving all of these groups working together.  Issues related to the 
selection of BMPs that affect watershed water quality, the development of TMDLs, or 
stream restoration measures, can be studied through the use of AGNPS.  Many watershed 
studies are underway around the U.S. that require partnering efforts among the federal, 
state, and local agencies to bring together the expertise needed to resolve these important 
watershed issue.   These cooperative efforts are even more critical as the resources among 
individual agencies to perform these studies are reduced. 
The use of AGNPS provides a framework that agencies can utilize to target their 
resources to collect information that describes their watershed, select monitoring stations 
to assess the levels of pollutants and perform validation of the simulations, determine 
pollutant sources, and design alternatives to meet water quality standards.  The level of 
incentives for application of new BMPs can be set by comparing the benefits of each 
BMP to reduce pollutants at any point in a watershed. 
This paper will describe the process of watershed database development for small and 
large scale watersheds and the issues associated with each.  Simulation results will be 
shown from each watershed to demonstrate the capability of AGNPS to be used for 
watershed conservation management planning. 
 

 



 
PHYSICS OF SUSPENDED SEDIMENT TRANSPORT IN ANNAGNPS 

 
R. L. Bingner, Agricultural Engineer, National Sedimentation Laboratory, 

Agricultural Research Service, USDA; and F. D. Theurer Agricultural Engineer, 
National Water & Climate Center, Natural Resources Conservation Service, USDA 
 
Abstract:  The physics of suspended sediment transport as used in the continuous-
simulation version of AnnAGNPS is explained.  The fine sediment loading from sheet & 
rill erosion on agricultural lands is both a primary source of wash load within stream 
systems and a significant non-point source of pollutants.  Fine sediment can cause 
deterioration of the stream system and its aquatic habitat by simply being physically 
deposited on the bed or intruded into the substrate as well as having an affinity for 
carrying attached toxic chemicals that are a problem no matter where they end up.  The 
fundamental basis for the suspended sediment transport model is Einstein’s suspended 
sediment transport equation that he developed in 1968 which was modified by the 
Agricultural Research Service for use in several of their models (single-event AGNPS, 
CREAMS, WEPP, etc.) to include a limiting sediment transport capacity, and then further 
modified & integrated within the continuous-simulation AnnAGNPS to include bed 
material transport. 
 
 
 



SUBSURFACE FLOW COMPONENT DEVELOPMENT FOR ANNAGNPS 
  

Y. Yuan, Postdoctoral Research Associate; R. L. Bingner, Agricultural Engineer 
National Sedimentation Laboratory, Agricultural Research Service, USDA 

 
Abstract: The Annualized Agricultural Non-Point Source Pollutant Loading model 
(AnnAGNPS) is a watershed scale, continuous simulation, daily time step model.  It is 
currently utilized in many locations of the U.S. by EPA, NRCS and others to estimate the 
impact of BMPs on non-point source pollution.  The model has many unique and 
powerful features, but until recently, did not include the simulation of subsurface flow 
processes such as tile subsurface drainage, subsurface lateral flow, and groundwater flow.  
However, this flow can be significant in areas with soils having high hydraulic 
conductivities in surface layers and an impermeable or semipermeable layer at a shallow 
depth.  In addition, when simulating the effects of riparian buffer strips, the simulation of 
these flow conditions is very important.  
Subsurface lateral flow, including a tile subsurface drainage feature, was incorporated 
into AnnAGNPS and discussed in this paper.  Subsurface lateral flow was determined 
using Darcy’s equation.  Users have several options available within AnnAGNPS to 
determine the impact of tile subsurface drainage based on the availability of information 
on the system.  Subsurface lateral flow is assumed to only occur when soil becomes 
saturated.  The impact of subsurface lateral flow on total runoff depends on the rainfall 
amount, soil properties and the drainage systems. 
 
 



SESSION 7D - Reservoir Management 
 

MULTI-OBJECTIVE SIMULATION AND OPTIMIZATION OF RESERVOIR 
OPERATION USING EXCEL 

 
Darrell G. Fontane, Department of Civil Engineering, Colorado State University 

Fort Collins, CO 
 
Abstract:  Reservoir water balance models have a structure that is ideal for 
implementation in spreadsheet software.  This paper presents examples of reservoir 
simulation models in EXCEL.  It describes the use of the SOLVER tool for considering 
multiple optimization objectives and describes a process to formulate a reservoir model 
such that the SOLVER tool can be used to solve much larger problems than expected. 
 
 



HEC-RESSIM CAPABILITIES AND PLANS 
 
Joan Klipsch, Hydraulic Engineer, Hydrologic Engineering Center, US Army Corps 

of Engineers, Davis, California; John DeGeorge, Ph.D., Principal, Resource 
Management Associates, Suisun, California 

 
Abstract:  The Hydrologic Engineering Center (HEC) has developed a new reservoir 
simulation program named HEC-ResSim as the successor to the well-known HEC-5.  
The program joins the HEC NexGen suite of software that has been emerging since the 
mid 1990’s.  ResSim is completely new code and design, based on object-oriented 
principles, has a modern graphical user interface, and shares a common river network 
with other NexGen programs. It is designed for use in both conventional simulation 
analysis, as would be needed for planning and operation studies, and for implementation 
in a real-time decision support system.  ResSim is the reservoir operations component of 
the Corps Water Management System (CWMS) that is now being deployed nation-wide 
in Corps offices. The first release of the program to Corps offices was early in calendar 
year 2002. Future versions of ResSim will have the capability for more complex reservoir 
simulation, including operation for hydropower requirements.  New releases are planned 
on an annual basis. 
 



OPTIMIZING DAILY RESERVOIR SCHEDULING AT TVA 
 WITH RIVERWARE 

 
Timothy M. Magee, Operations Research Analyst, University of Colorado, Boulder, 

Colorado; H. Morgan Goranflo , Senior Consultant, Tennessee Valley Authority, 
Knoxville, Tennessee; and Suzanne H. Biddle , Specialist, River Scheduling, 

Tennessee Valley Authority, Knoxville, Tennessee 
 
Abstract: RiverWare is a general software tool for modeling river basin operations 
developed at the Center for Advanced Decision Support for Water and Environmental 
Systems (CADSWES) at the University of Colorado, sponsored jointly by the Tennessee 
Valley Authority (TVA) and the U.S. Bureau of Reclamation (Reclamation). RiverWare 
has several solution methodologies, and TVA has implemented two models that use 
RiverWare's optimization method followed by simulation of the optimal outflows: a 9-
day model with 6-hour time steps and a 2-day model with an hourly time step. 
 
We will present highlights from the mathematical framework, the software interface, and 
the model’s role in the larger scheduling process. The mathematical framework includes 
preemptive goal programming with a linear programming engine and piecewise-linear 
approximation of nonlinear functions. The software interface allows the schedulers to 
import and view data, modify a prioritized list of policy constraints, view and alter the 
optimal solution, and analyze how both physical constraints and policy constraints 
influenced the solution. The models are only part of a larger process that includes 
forecasts of hydrologic inflows, forecasts of the power market, special operations at 
reservoirs and reaches, and past operating experience. 
 



SESSION 8A - Agency Specific Hydrologic Modeling Practices V 
 

HYDROLOGIC MODELING SYSTEM (HEC-HMS) 
NEW CAPABILITIES AND FUTURE PLANS 

 
William Scharffenberg, Hydraulic Engineer; Lisa Pray, Information Technology 

Specialist; and Arlen Feldman, Chief Hydrology & Hydraulics Div.; 
 U.S. Army Corps of Engineers, Davis, California 

 
Abstract:  The Hydrologic Modeling System (HEC-HMS) was developed to supercede 
the aging HEC-1 program for hydrologic simulation.  Many aspects of the design and 
implementation of HEC-HMS are an improvement over HEC-1.  Many computational 
algorithms have been improved to use recent advances in numerical analysis.  Overall 
software design has been enhanced by the adoption of an object-oriented programming 
language. 
Continuous simulations can now be performed using either a one-layer or more complex 
five-layer soil moisture accounting method.  The one-layer method does not include any 
representation of interception and only a lumped recovery term incorporating 
evaporation, transpiration, and percolation.  The five-layer method explicitly includes a 
representation of canopy, surface, soil, and shallow groundwater dynamics. 
The reservoir element is used to represent any lake, detention basin, or reservoir.  The 
next version adds significant capability through the explicit representation of outlet 
structures.  Available structures include a low-level outlet, broad-crested and ogee 
spillways, dam overflow, and dam break.  The new capabilities are implemented using an 
adaptive time-step, iterative solution of the continuity equation. 
Snow accumulation and melt represents a significant impact on the hydrologic cycle of 
many watersheds.  Design is currently underway on a degree-day snowmelt model 
modified with a pack cold content and liquid water content.  The algorithm will be usable 
in lumped, elevation band, or grid cell modes. 
Extensible Markup Language (XML) is becoming a common method for information 
exchange between applications with similar data.  Currently there are a number of 
hydrologic models in use that could share certain data but no standard exists for 
exchanging the data between the programs.  To facilitate such transfers, an XML data 
definition has been created for parameter data and simulation results used in HEC-HMS. 
 
 



 
DISTRIBUTED MODELING FOR IMPROVED NWS RIVER FORECASTS 

 
Michael Smith, Victor Koren, Seann Reed, and Ziya Zhang, Hydrology Lab, 

NWS Office of Hydrologic Development, Silver Springs, MD 
 
Abstract: The Hydrology Laboratory (HL) of the National Weather Service Office of 
Hydrologic Development (NWS OHD) is actively engaged in research and development 
into distributed modeling approaches to improve the ability to forecast river flows.  
Traditionally, lumped models and unit hydrographs have been used to produce 
operational river forecasts. HL has recently developed  a gridded distributed model called 
the HL Research Modeling System (HL-RMS).  In initial studies with HL-RMS, the 
basic computational element is equivalent to the grid size of the precipitation estimates 
from the NWS NEXRAD series of radar platforms (~4km. x ~4km). In each element, the 
conceptual Sacramento Soil Moisture Accounting Model (SAC-SMA) is used to 
transform rainfall into various runoff components. Kinematic routing is use to move the 
runoff volumes through a hillslope and channel component in each cell to the next 
downstream cell.  Parameters for the SAC-SMA are estimated using soils information.  
Hillslope and channel routing parameters for each grid  are derived from streamflow 
measurements and geomorphologic channel network  relationships. Strategies for 
calibrating the model and routing parameters are being developed.  NEXRAD Stage III 
precipitation estimates are used for precipitation forcing.  Multi-year streamflow 
simulations are generated at an hourly time step.  
The HL-RMS has been tested on the 476 sq. mi. Blue River in Oklahoma.  In these tests, 
distributed simulations were compared to those from a calibrated lumped application of 
the SAC-SMA as well as observed hourly streamflow.  The lumped application 
represents the existing NWS simulation accuracy.  While the distributed model produced 
only slightly better overall statistics compared to the lumped model, examination of 
several storm events showed that the distributed approach can lead to significant 
improvements.   
The presentation will cover the application of the HL-RMS to the Blue River as well as 
several other basins in the Oklahoma area as part of the Distributed Model 
Intercomparison Project (DMIP).  Methods of parameter derivation and calibration will 
also be discussed.  Plans for further model development will also be presented.   
 



 
 
INTEGRATED WATER RESOURCES MODELLING AND OBJECTORIENTED 

CODE ARCHITECTURE 
 
Henrik R. Sorensen, DHI Water & Environment, Hoersholm, Denmark; Jesper T. 

Kjelds, DHI Inc., Trevose, Pennsylvania 
 
Abstract:  The past decades have revealed an increasing need for holistic planning within 
water resources. This requires that the full integrated system of water resources is 
observed alongside with the environment, ecosystem, socio-economic system, upstream 
and downstream conditions. A wider perspective in time is also required, which involves 
a long term sustainability assessment. The increasing pressure on the water resources has 
further intensified this need. The concepts of integrated water resources management are 
gradually being implemented throughout the world, which requires new approached and 
methodologies. In the European Union the Water Framework Directive has been agreed 
on, which sets requirements to integrated river basin management, and in the USA it is 
now a general requirement, that water management is based on an integrated assessment 
of groundwater, surface water and water quality. 
The change in paradigm has set new requirements to the tools and methodologies, which 
are used in connection with water resources management. They have to reflect to full 
complexity of the system, and have to be able to projects its future development and 
sustainability. The water resources manager needs to understand all the possible impacts 
of pursuing any given management policy, which requires integrated models of all 
relevant processes and relations, often encapsulated in decision support systems. These 
computer models represent an integrated understanding of multidisciplinary expertise, 
and are established by coupling process modules for the different disciplines. To allow 
these models to be used by water resources planners and managers, they are wrapped in 
easy understandable Graphical User Interfaces (GUI). The GUI’s support data processing 
and management, development and evaluation of decision scenarios and production of 
readily understandable key outputs.  
The development of generalized software systems, which are tailored to meet both 
current conditions and adapt to future requirements, is a task that requires organizations 
with strong scientific, logistic and financial capacity. The integration of software tools is 
costly, and links between process modules has to be well defined and maintained to 
survive in future versions of the software. With the increasing requirements for holistic 
approaches, demands arise for co-operation between scientists from different disciplines 
and some times from different software development organizations. Unless the source 
code is well designed and modular in structure, such co-operation will be continuously 
resource demanding and complicated. In order to overcome these development and 
maintenance problems, the integrated water resources modeling systems of tomorrow 
must adopt an object oriented code architecture with well defined interfaces between 
different models (objects). The paper outlines different code development principles that 
could be adopted and it also outlines the structure and functionality of a modular, 
integrated water resources modeling system. 



 
PROBABILISTIC HYDROLOGIC FORECASTING: 

AN ENSEMBLE APPROACH 
 
Henry Herr, Edwin Welles, Mary Mullusky, Limin Wu, John Shaake, Dongjun Seo 

Hydrology Laboratory, Office of Hydrologic Development, 
National Weather Service, NOAA, Silver Spring, MD 

 
Abstract: The National Weather Service has been requested by a variety of users to 
provide hydrologic forecasts that explicitly account for the uncertainty in the forecast.  
The Ensemble Streamflow Prediction system was constructed to quantify the uncertainty 
in long range forecasts.  It operates using the historical record of precipitation and 
temperature in combination with the current conditions to produce an ensemble of stream 
flow time series.  This ensemble can be analyzed to produce long range probabilistic 
forecasts of stream flow, volume, and other predictands.  However, in order to account 
for uncertainty in shorter range forecasts, a probabilistic quantitative precipitation 
forecast must be used to construct the precipitation time series ingested by the ESP.  
Furthermore, post processing must be performed on the output ensemble of discharge 
time series in order to account for biases and errors in the hydrologic models or their 
calibrations.  This paper gives a description of the approach used to construct ensembles 
for short range probabilistic hydrologic forecasts. 
 



SESSION 8B - Landscape, Erosion; and Sediment Transport I 
 

CATCHMENT GEOMETRIC REPRESENTATION AND IDENTIFICATION 
OF SEDIMENT YIELD PARAMETERS IN A DISTRIBUTED 

CATCHMENT MODEL 
 

H. Evan Canfield, Hydrologist, USDA-ARS, Tucson, Arizona; Vicente L. Lopes, 
Associate Professor, School of Renewable Natural Resources, University of Arizona, 

Tucson; David C. Goodrich, Hydraulic Engineer, USDA-ARS, Tucson, Arizona 
 
Abstract: In recent years, distributed (spatially explicit) models have become more 
widely used, in part because of the availability of geographic information systems.  
However, advances in the understanding of hydrologic and geomorphic processes in 
concert with more readily available spatial data sets make these models more useful.  In 
particular, distributed catchment models have the potential to predict where and when 
runoff is generated and sediment entrainment or deposition is occurring.  To ensure that 
the models have the potential to produce physically realistic sediment yield predictions, it 
is necessary to identify unique sediment contributions from raindrop impact and 
entrainment by flowing water; which are highly scale-dependent processes. In this study, 
we used four different representations of a 4.4 ha experimental catchment with the most 
complex representation preserving the channel network detail as observed in the field.  
Our objective was to determine whether it is possible to identify the relative contributions 
of sediment entrainment by raindrop impact and by flowing water.  We used a distributed 
catchment model (KINEROS2) and a multiplier parameter identification approach to 
preserve the spatial variability of the runoff-erosion process. We found that as geometric 
complexity decreased, the ability to model sediment yield decreased, while runoff could 
still be modeled effectively.  Furthermore, as geometric complexity decreased more 
entrainment by raindrop impact was required, while less entrainment by flowing water 
was required to simulate sediment yield.   
 



SIMULATION OF MEANDERING CHANNEL MIGRATION PROCESSES 
WITH AN ENHANCED TWO-DIMENSIONAL NUMERICAL MODEL 

 
Jennifer G. Duan, Assistant Research Professor, Division of Hydrologic Sciences, 

Desert Research Institute, Las Vegas, Nevada 
  
Abstract:  Meandering channel migration is a natural process that causes bank erosion 
and land loss, endangers navigation safety, and damages water quality. This process 
essentially is dominated by the complicated interaction between flow, sediments, and 
bank material.   This paper reports the development of an enhanced two-dimensional 
numerical model for the simulation of alluvial channel geomorphic processes. The model 
consists of a depth-averaged two-dimensional hydrodynamic model, a non-equilibrium 
sediment transport model, and a bank erosion model. The effect of secondary flow was 
taken into account by including an empirical function of secondary velocity profile. A 
few laboratory experiment cases including suspended sediment dispersion, meandering 
channel migration, and sediment sorting were chosen to verify this model. The reasonable 
agreements between simulation results and measurements indicated that this model is 
valid for simulating the complicated meandering migration processes where the 
secondary current and bank erosion have a significant impact on channel geomorphic 
processes.  
 



 
 

CCHE2D NONUNIFORM SEDIMENT TRANSPORT MODEL 
 

Weiming Wu, Research Assistant Professor; Sam S.-Y. Wang, F.A.P. Barnard 
Distinguished Professor and Director, National Center for Computational 

Hydroscience and Engineering, The University of Mississippi, MS 
 
Abstract: The CCHE2D model simulates the non-equilibrium transport of nonuniform 
total-load sediment.  Three different non-equilibrium approaches are used to handle the 
cases where sediment moves mainly as bed load, mainly as suspended load or as full total 
load. The bed load and suspended load are calculated separately or jointly.  The non-
cohesive sediment transport capacity is determined by four formulas, such as Wu, Wang 
and Jia’s formula, the SEDTRA module, the modified Ackers and White’s formula and 
the modified Engelund and Hansen’s formula. All the four transport capacity formulas 
account for the hiding and exposure effects among different size classes. The movable 
bed roughness is calculated by van Rijn’s formula, Wu and Wang’s formula, or is 
specified by the user according to the available measured data. The influence of 
secondary flow on sediment transport in curved channels is taken into account by 
modeling the transport angle of bed load and the dispersion terms in suspended-load 
transport equation. Two different approaches are used to simulate the cohesive sediment 
transport with weak and strong cohesive properties. Flocculation, erosion, deposition and 
consolidation of cohesive sediment are considered in the simulation. The governing 
equations are discretized by the finite volume method in curvilinear grid. The flow and 
sediment transport are simulated in a decoupled way, but a coupling procedure is adopted 
for the three components of sediment module: sediment transport, bed change and bed 
material sorting. The model has been tested in several experimental and field cases. The 
simulated sediment concentration, channel erosion and deposition patterns, and bed 
material armoring properties are in good agreement with the measured data. 
 



SESSION 8C - Agricultural Modeling II 
 
 

THE HYDRUS SOFTWARE PACKAGES FOR SIMULATING WATER, HEAT 
AND SOLUTE MOVEMENT IN THE SUBSURFACE: FEATURES, RECENT 

APPLICATIONS AND FUTURE PLANS 
 

J. Šimůnek and M. Th. van Genuchten 
George E. Brown, Jr. Salinity Laboratory, USDA, ARS, Riverside, California 

 
Abstract: HYDRUS-1D and HYDRUS-2D are Windows-based (MS Windows 95, 98, 
2000, XP, and/or NT environments) computer software packages for simulating water, 
heat and/or solute movement in one- and two-dimensional variably-saturated media. This 
paper gives a brief summary of various features of the software, recent applications, and 
future plans.  
 
 



 
POINT AND FIELD SCALE SIMULATION MODELS FOR DECISION 
SUPPORT OF MIDWESTERN AGRICULTURAL WATER QUALITY 

 
Philip Heilman; Liwang Ma; Ken Rojas; Laj R. Ahuja; John Huddleston 

USDA, Agricultural Research Service 
 
Abstract:  Meeting national water quality goals in many regions depends on improving 
the quality of water coming from agricultural areas. Because it is so expensive to monitor 
nonpoint sources, simulation modeling has a key role to play in extrapolating observed 
data to other locations. This computer demonstration presents simulation models and a 
decision support systems for addressing point and field scale water quality issues in 
agriculture in the Midwest. 
 
The Root Zone Water Quality Model (RZWQM) is an integrated physical, chemical and 
biological process model developed to simulate the effects of agricultural management 
(e.g. tillage, irrigation, fertilization, manure application, crop rotation, pesticide 
application, and tile drainage) at the point scale on crop production and water quality. 
The model has been tested in a wide range of experimental and weather conditions. The 
model is well-documented and supported by the Great Plains Systems Research Unit, 
USDA-ARS, Fort Collins. RZWQM has the capability of simulating 
macropore/preferential flow, water table fluctuation, chemical transport in 
runoff/percolation water, nitrogen/carbon dynamics, and various agricultural 
management practices. In addition to the RZWQM plant growth component, the CERES 
plant growth component has recently been added. This is the only model focusing on the 
vadose zone and agronomic factors.   
 
For those situations where more detailed estimates of contaminant transport to a field’s 
edge are needed, a modified version of the Groundwater Loading Effects of Agricultural 
Management Systems or GLEAMS model will be used. Modifications to the GLEAMS 
model include the addition of the nitrogen leaching component from CREAMS and the 
EPIC crop growth component. The model is capable of estimating the sediment yield, 
nutrient and pesticide loading in runoff and adsorbed to sediment to the edge of the field, 
and the nutrients and pesticides leached below the root zone, as well as crop yields for 
many management systems in Midwestern cropping systems. Both RZWQM and the 
modified version of GLEAMS can be run from the same Windows user interface. 
 
Once either model has been calibrated to match observed data for the current 
management system, alternative management systems can be simulated and the results 
graphically analyzed with producers to explain the effects of management on water 
quality. Often, a management system that improves water quality will cause other 
problems, such as routing contaminants to groundwater rather than surface water, or by 
reducing income. A multiobjective decision support component known as “The 
Facilitator” is available to examine such tradeoffs. The multiobjective decision 
component is a generic approach to decision making that could be used for other water 
related decisions, especially since it is an open-source effort.  



PESTICIDE FATE AND TRANSPORT MODELING:  AN APPROACH FOR ARS 
WATER QUALITY MODELS AT THREE SCALES 

 
Don Wauchope, USDA-ARS Southeast Watershed Research Laboratory, Tifton, 
GA ,Jeff Arnold, USDA-ARS Grassland Soil and Water Research Laboratory, 

Temple, TX, David Bosch, USDA-ARS Southeast Watershed Research Laboratory, 
Tifton, GA, and Ron Bingner, USDA-ARS National Sedimentation Laboratory, 

Oxford, MS 

 
Abstract: The ARS water quality models RZWQM, AGNPS and SWAT include 
algorithms which predict the transport, dissipation and degradation of pesticides applied 
to field crops.  Pesticide algorithms are currently being developed at Tifton for the 
Riparian Ecosystem Management Model REMM, at the same time that REMM is also 
being made compatible with AGNPS and SWAT in cooperative work between these 
three ARS locations.  The pesticide model in AGNPS and SWAT is essentially that used 
in GLEAMS.  The RZWQM pesticide model is a point scale (one-dimensional) model 
that incorporates most of the processes characterized by advances made in pesticide 
science since GLEAMS was written and utilizes the substantially increased 
computational power available to the user.  A compromise model will be presented that 
will meet the somewhat less detailed requirements of REMM, SWAT and AGNPS while 
incorporating some of the updated science in RZWQM.  This model will account for 
application deposition efficiency, foliar and crop residue pesticide deposit dissipation, 
temperature and moisture corrections for soil degradation, pH-dependent soil sorption, 
soil pesticide residue aging and metabolite tracking.  These enhancements will be 
implemented using a look-up approach via a dynamic web-link to a common, maintained 
interagency pesticide properties database supplying default parameter information for 
pesticide active ingredients including application, formulation, environmental fate and 
metabolite information, which will be coupled by the model with the characteristic soil 
and climate input scenario to give site-specific pesticide behavior.  The resulting systems 
will be applicable to assessing pesticide nonpoint pollution from field to watershed to 
basin scale, providing linkages between BMP’s and watershed scale TMDL’s and basin 
scale drinking water exposure estimates. 
 
 



KANKAKEE RIVER STATE LINE PROJECT, 
ANALYSIS OF SEDIMENT REMOVAL ALTERNATIVES 

  
Michael A. Hrzic, Hydraulic Engineer, USACE-Rock Island Dist., Rock Island, IL 

 
Abstract: The Kankakee River extends from South Bend, Indiana to Kankakee, Illinois.  
The river is 132 miles long and drains 5,165 square miles of northern Indiana and 
northwestern Illinois the watershed is dominated by agriculture land use.  The river 
supports aquatic habitat and recreational activities making it an important natural feature 
for the state of Illinois. There has been a growing concern that the Kankakee River is 
aggrading along a 10-mile stretch of the river from the Illinois-Indiana State Line to 
Momence, Illinois.  The Illinois State Water Survey conducted a river geometry study on 
the Kankakee River and estimated 127,000 cubic yards of sediment accumulated from the 
Illinois-Indiana State Line to Momence, Illinois from 1980 to 1999.  The cause of the 
aggradation has been attributed to increased sediment transport in Indiana due to river 
modifications and land use changes in the upper Kankakee Watershed.  The United States 
Army Corps of Engineers, Rock Island District (USACE-MVR), partnered with the 
Illinois Department of Natural Resources, developed a Kankakee River Sediment 
Management Plan to reduce aggradation in the river to protect the aquatic habitat and the 
recreational value of the Kankakee River.     
The objective of the Kankakee River Sediment Management Plan is to remove a portion 
of the bed load transported by the Kankakee River at the Illinois-Indiana State Line.  Two 
types of alternatives were investigated to remove the bed load material: periodic and 
continuous sediment removal.  By reducing bed load material at the Illinois-Indiana State 
Line the quantity of the material available for accumulation in the Illinois reach of the 
Kankakee River will be reduced. 
A hydraulic and sediment impact assessment was performed for each of the alternatives.  
The impact assessment consisted of a one-dimensional sediment model simulating the 
hydraulic and sediment transport conditions along the main channel of the Kankakee 
River. The model represented the removal location, Illinois-Indiana State Line, extending 
from Shelby, Indiana to Momence, Illinois, 20-mile reach of the Kankakee River.  Scour 
and Deposition in Rivers and Reservoirs, HEC-6, computer program was chosen to 
perform the analysis because of the hydraulic computation and sediment transport 
capabilities, information necessary to construct and calibrate the model was available and 
the physical characteristics of the river system (poorly sorted bed material, and stable 
channel banks) appeared to be appropriate for Hec-6’s computation capabilities.  
The development of the Hec-6 sediment model enabled USACE-MVR to assess the 
effect of the sediment removal alternatives on the sediment transport characteristics along 
the Kankakee River from Shelby, Indiana to Momence Illinois.  The hydraulic and 
sedimentologic results produced by Hec-6 were then used to evaluate and determine the 
best alternative to meet the objectives set forth by Kankakee River Management Plan, 
reduction of bed load material and aggradation from the Illinois-Indiana State Line to 
Momence, Illinois.    



SESSION 8D - Model Applications I 
 

CALIBRATING AND VALIDATING HYDROLOGIC MODEL 
PERFORMANCE FOR A FORESTED WATERSHED IN A SNOW REGIME: 

THE DUELING MODEL MICA CREEK WATERSHED STUDY 
 
Dr. George Ice, Principal Scientist, NCASI, Corvallis, Oregon; Dr. Craig Loehle, Sr. 

Research Scientist, NCASI, Naperville, Illinois; John Beebe, Research Scientist, 
NCASI, Lowell, Massachusetts; Dr. Terry Cundy, Hydrologist, Potlatch 

Corporation, Lewiston, Idaho 
 
Abstract:  In 1990 Potlatch Corporation, along with numerous cooperators, initiated a 
forest watershed study in northern Idaho.  The goal of the Mica Creek Study is to assess 
the effectiveness of the Idaho forest practice rules in protecting water quality.  The study 
uses a series of nested gaging stations to measure both on-site and cumulative impacts of 
forest operations.  The Mica Creek Study provides unusually dense and detailed 
hydrological, meteorological, water quality, biological, and channel data.  Detailed 
watershed data are available in a Geographical Information System (GIS) database.  
These attributes make Mica Creek a logical site for calibration and validation of 
hydrologic models that are being applied to forest watersheds.  Models that have been or 
are in the process of being tested include Hydrologic Simulation Program-FORTRAN 
(HSPF), Distributed Hydrology-Soil-Vegetation Model (DHSVM), and Watershed 
Analysis Risk Management Framework (WARMF).  An application of SEDMODL2 may 
also be tested.  Because models are becoming increasingly important in comparing 
management options on forest lands, the performance and cost of applying these models 
is being critically reviewed by the forest products industry. 
 



ESTIMATING BEST MANAGEMENT PRACTICE EFFECTS ON WATER 
QUALITY IN THE TOWN BROOK WATERSHED, NEW YORK 

 
M.W. Gitau, Graduate Assistant PhD, USDA-ARS/Penn State University, 

University Park, PA; W.J. Gburek, Hydrologist, USDA-ARS, University Park, PA; 
A.R. Jarrett, Professor, Penn State University, University Park, PA. 

 
Abstract: The 3700-ha Town Brook Watershed (TBW), located in Delaware County, 
New York, is part of the watershed system that supplies drinking water to New York 
City.  Agriculture in this watershed is mainly dairy, with cropland being confined to that 
supporting the dairy industry.  Phosphorus (P) is the major water quality pollutant of 
concern in this area, with P pollution thought to be the result of runoff emanating from 
manured fields and barnyards.  Ongoing efforts to control P loss have involved the 
implementation of on-farm best management practices (BMPs) applied on a farm-by-
farm basis within the watershed.  There is, however, a need to determine the effects of 
these BMPs in decreasing P losses at the watershed scale, particularly since it is intended 
that BMP implementation cover the TBW and, eventually, the entire New York City 
water supply watershed system (510,000 ha).  This study is aimed at establishing a 
methodology to evaluate the effectiveness of the watershed-wide BMP effort by applying 
the Soil and Water Assessment Tool (SWAT) model and a related BMP assessment tool 
to the Town Brook Watershed.  SWAT is a distributed model that simulates runoff, 
stream flow, ground water, sediment and nutrient loading on a daily time step.  The BMP 
assessment tool provides a means of obtaining effectiveness estimates based on site 
characteristics.  We first present model simulations of flows and P loads from selected 
hydrologic response units, as well as at the watershed outlet, representing current levels 
of BMPs installed.  We then examine various post-BMP scenarios consistent with the 
current approach to BMP implementation on the watershed.  Finally, we discuss model 
application in targeting critical source areas of P loss in context of BMPs. 
 



USE OF HYDROLOGICAL MODELS 
WHEN DESIGNING WATER PROJECTS IN TURKMENISTAN 

 
Vecher, Alexander A.,  Engineering and Consulting Center “Consult Pro,” 
Ashgabat, Turkmenistan; Arutyunova, Venera V., Wageningen University, 

Wageningen, The Netherlands; Aganov, Stanislav E., Engineering and Consulting 
Center “Consult Pro,” Ashgabat, Turkmenistan; Vecher, Sergey A., Hartwick 

College, Oneonta, New York 
 
Abstract:  Turkmenistan has very limited natural water resources, and under these 
conditions all main surface water resources used for agriculture aren’t formed on 
Turkmenistan territory and as matter of fact they are transboundary resources. Rivers are 
characterized by extremely uneven flow both within long-term and annual period. Their 
turbidity is high especially during the flood period that causes flood control problem and 
also sediment flow problem in a transit section of all major canals. Water intake from the 
major surface source, the Amudarya river, is limited up to 22 km3. In this connection 
irrigated agriculture, being the base of agriculture of Turkmenistan, is developing in the 
conditions of water resources deficiency. Transit sections of the canal and drainage 
canals (from the dozens of km up to 1000 km) are mainly open and run through the sands 
in a complicated hydro-geological conditions. Drainage canal route soils have a different 
degree of salinity and their seepage capacity also differs. All major hydraulic structures 
are actually in a high seismic zones, that requires solving of specific hydrologic and 
technical problems related to the hydraulic structures safety. In 2000 the largest Central 
Asian project for the creation of a unique Turkmen lake in the center of the Karakum 
desert started in Turkmenistan. This project will radically change many years water 
infrastructure in Turkmenistan. In this connection at present in the course of designing 
and renovation of major water projects (reservoirs, main canals and drainage systems) of 
Turkmenistan hydrological models (including other models) implemented both as 
independent program modules and engineering calculated scheme in MS Excel media a 
coming into use for the determination of the following: 
Design hydrological characteristics of the rivers (preset exceedence probability annual, 
flood, maximum average daily discharges and flow volumes); 
Design flood hydrograph for various scenarios; 
Catastrophic flood control through reservoir; 
Optional parameters (total storage capacity and effective storage, excess water volume, 
diagram of water intake) of the reservoir and flow control mode within many year period; 
Parameters and Hydropower plant operating mode; 
Sediment runoff mass; 
Seepage losses (natural seepage, bank backwater seepage in the dam body and dam 
foundation) and evaporation losses; 

• Parameters of breakthrough wave under conditions of dam reservoir breaking and 
later appraisal of economic damage; 

Economic expedience for the reservoir construction (under various schemes of the 
reservoir capacity and intake within a long-term and annual period and for agricultural 
specialization on irrigated lands); 
Water and salt balances of the reservoirs, canal and drainage canals. 



 
Sources for the primary hydrological (and other) information required for the solving of 
above problems and also methods of their handing are under consideration in this report. 
Data problems arising under development and introduction of the above mathematical 
models have been considered in details. 
 



 
PERFORMANCE ANALYSIS OF A LUMPED AND DISTRIBUTED MODEL 

USING DISCHARGE TIME SERIES OF THE JEKER CATCHMENT IN 
BELGIUM 

 
Ahmed Abu El-Nasr and Patrick Willems, 

Laboratory of Hydraulics, K.U.Leuven, Heverlee, Belgium; 
 Karen Christiaens, Raul Vazquez and Jan Feyen, 

Institute for Land and Water Management, K.U.Leuven, Leuven, Belgium 
  
Abstract:  This paper presents 2 different methods, increasing gradually in complexity, 
for predicting the rainfall-runoff of a midsize catchment. The methods applied in this 
study are (1) a lumped conceptual semi-empirical method, being the NAM-module of the 
MIKE 11 model, and (2) a fully distributed, physically-based deterministic catchment 
model, the MIKE SHE model. The two methods are applied to the 465 km2 large Jeker 
basin, situated in the loamy belt region of Belgium. The landscape is rolling, and the soils 
are varying from sandy-loam to clay-loam. The soils are deep, and the phreatic aquifer is 
at a depth of 0.4 to 50 m below the surface. A 6-year continuous series of average daily 
hydrologic data were used for the calibration and validation. Mainly for reasons of 
workability of the distributed modelling approach the DTM was aggregated from 30x30 
m to 600x600 m. The distributed model was calibrated and validated using a split-sample 
(SS) and a multi-site (MS) test, while only the split-sample test was used for the lumped 
model. 
 
Different performance criteria were used to assess the model’s performance with respect 
to the shape of the hydrographs, the hydrograph maxima, the baseflow minima, the 
cumulative volumes and the distribution of extreme discharges. The analysis revealed 
that there is no significant difference between the performances of the two models with 
respect to the overall description of the rainfall-runoff process. However the study 
indicates that the distributed model performs better than the lumped model with respect 
to predicting extreme discharges. The more detailed physical-based nature of the MIKE 
SHE model seems to allow a better extrapolation of the rainfall-runoff process for 
extreme events, having a return period larger than the length of the calibration period 
(three years). 
 
 



SESSION 9A - Landscape, Erosion, and Sediment Transport II 
 
 

CONCEPTS: A PROCESS-BASED COMPUTER MODEL OF INSTREAM 
HYDRAULIC AND GEOMORPHIC PROCESSES 

 
Eddy J. Langendoen, USDA-ARS National Sedimentation Laboratory, Oxford, MS 
 
Abstract:  The process-based computer model CONCEPTS simulates the hydraulics in 
and morphology of disturbed stream corridors.  It can be used to predict the evolution of 
these disturbed stream corridors and to evaluate their responses to proposed stream 
rehabilitation designs.  The capabilities of CONCEPTS are illustrated by its application 
to the Yalobusha River in North-Central Mississippi, which has incised after extensive 
channelization in the 1960s.  CONCEPTS has shown to accurately depict in-channel and 
bank processes and channel response to the channelization works. 
 



PHYSICALLY-BASED DISTRIBUTED MODELING OF EVENT-SCALE 
EROSION: THE RELATIONSHIP BETWEEN RAINFALL EROSIVITY AND 

SUSPENDED SEDIMENT DISCHARGES 
 

Joseph A. Daraio and Fred L. Ogden, Department of Civil and Environmental 
Engineering, University of Connecticut, Storrs, CT 

 
Abstract:  The need to accurately predict the Total Maximum Daily Load (TMDL) of 
sediments has led to a proliferation of attempts at modeling erosion processes.   Our 
studies use the U.S. Army Corps of Engineers, Engineering Research and Development 
Center (ERDC) Gridded Surface-Subsurface Hydrologic Analysis (GSSHA) model, 
which is derived from the two-dimensional, physically based CASC2D model.  
CASC2D’s erosion and sediment transport routines perform reasonably well in predicting 
suspended sediment discharges at the outlet of the Goodwin Creek Experimental 
Watershed (GCEW).   However, detailed examination of CASC2D performance over a 
number of runoff events reveals a tendency of the model to over-predict erosion during 
events that are considerably larger than those used in model calibration, and at some 
interior catchments during all events.  We hypothesize that over prediction of erosion 
during large events and in smaller sub-catchments is a result of limits on detachment, 
rather than transport.  We evaluate this hypothesis by considering rainfall impact and sub-
watershed characteristics.  The kinetic energy (KE) of rainfall is calculated and Thiessen 
polygons are used to estimate the storm-total area-average KE over each sub-basin.  The 
event KE is compared with peak suspended sediment discharges and total mass of 
suspended sediment recorded at stream gauging stations located at sub-basin outlets.  
Overland flows calculated using GSSHA are used to estimate transport capacity of 
overland flow.    Correlations between KE and sediment concentration and mass, and the 
degree to which transport capacity is approached, indicate dependence of upland sources 
of sediment on rainfall intensity and detachment processes.  Deviations from this 
relationship are accounted for by differences in land use or soil type that affect soil 
detachment.  Findings are used to improve the GSSHA overland erosion model 
formulation, particularly the sediment source terms. 
 



SEDIMENTATION STUDY OF THE SOUTH DELTA, CALIFORNIA 
 

Cassie C. Klumpp, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, 
Colorado 

 
Abstract:  Deltas are broad, shallow, alluvial deposits formed where rivers enter lakes or 
estuaries through the natural process of sediment deposition.  Channels in deltas often silt 
in and change course.  This process of delta channels filling with sediment, then 
breaching their banks and forming new channels is a natural and ongoing process.  The 
South Delta is located southwest of Stockton, California, and consists of several 
interconnected waterways of the San Joaquin River.   Three waterway channels within 
the study area were selected for sedimentation analysis:  Old River, Grant Line Canal, 
and Middle River. 
 
Three operational scenarios were studied by Reclamation.  The Base condition is the 
current baseline condition, which has no flow control structures in any of the three 
waterways (Old River, Grant Line Canal, or Middle River).  Plan 1 has proposed 
permanent flow control structures in all three waterways, and Plan 2 is the same as 
Plan 1, except that it does not include permanent flow control structures in Grant Line 
Canal.       
 
This paper will compare theoretical sediment deposition without any flow control 
structures to that of the two different flow control operational cases.  This comparison 
will help address the issue of whether or not there would be an increased problem with 
sedimentation if these three proposed control structures were constructed. 
 



SESSION 9B - Statistical And Stochastic Hydrology I 
 

THE 2002 VERSION OF SAMS: 
STOCHASTIC ANALYSIS MODELING AND SIMULATION 

 
Jose D. Salas, Professor of Civil Engineering, Colorado State University, Fort 
Collins, CO; Oli G. Sveinsson, Civil Engineering Department, Colorado State 

University, Fort Collins, CO; William L. Lane, Private Consultant, Golden, CO; 
and Donald K. Frevert, Hydraulic Engineer, US Bureau of Reclamation, Technical 

Services Center, Lakewood, CO 
 
Abstract:  The 2002 version of the Stochastic Analysis, Modeling and Simulation 
(SAMS) package provides enhanced technical capabilities from the earlier versions of the 
program.  The graphical user interface and the mechanisms for handling the data have 
been entirely rewritten in MS Visual C++.  As a result the 2002 version of SAMS is 
easier to use and easier to update and maintain.  The package consists of many menu 
option windows that focus on three primary application modules - Statistical Analysis of 
Data, Fitting of a Stochastic Model (including parameter estimation and testing), and 
Generating Synthetic Series.  SAMS has the capability of analyzing single site and 
multisite annual and seasonal data such as monthly and weekly.  Results can be presented 
in graphical and tabular forms and, if desired, saved to an output file.  Some illustration 
are made to demonstrate the improved technical capabilities of the program using flow 
data of the Colorado River system. 
 



CORRDSS – HYDROLOGIC TIME-SERIES CROSS-CORRELATION 
 

William Doan, P.E., Hydraulic Engineer, U.S. Army Corps of Engineers, 
Omaha, Nebraska 

 
Abstract:  A computer program (CORRDSS) was developed which can calculate the 
cross-correlation of two hydrologic daily time-series.    This is useful where a tributary 
river enters a main river and the correlation or coincidence of daily high flows on the 
main river influences the backwater stages on the tributary river.   The program 
determines the lag-k cross-correlation coefficient using the cross-covariance between the 
two hydrologic time-series.  A series of lags for one of the time-series can be inputted in 
order to determine the number of daily lags which results in the highest cross-correlation 
between the two time-series. The time-series data is directly read from HEC-DSS 
databases.  An auxiliary program was also developed which can take daily streamflow 
data from the USGS Web-site and convert it directly into the HEC-DSS format required 
for the program.  The program has the flexibility to determine cross-correlation for 
periods of the year, i.e. monthly or seasonal or for flows above a given baseline.  The 
program was used with two USGS stream gage locations in Montana: Yellowstone River 
at Miles City and Tongue River at Miles City.  The results of the analyses showing the 
degree of correlation between the two gages for differing seasons and baseline flows will 
be discussed. 
 



DISAGGREGATION OF INTERMITTENT STOCHASTIC PROCESSES 
 

S. Rocky Durrans, Dept of Civil & Environmental Engineering 
The University of Alabama, Tuscaloosa, Alabama 

 
Abstract:  Several types of stochastic processes in hydrology are intermittent in character.  
Examples include precipitation, discharges in ephemeral streams, and sediment transport.  
Because a stochastic process may be continuous at one scale of observation but 
intermittent at another, intermittent stochastic processes are considerably more difficult to 
model than are processes that are continuous at all scales.  In comparison with the 
literature dealing with continuous processes, the body of literature dealing with 
intermittent processes is much more limited.  This paper will review a number of 
alternative modeling methods that have been applied for simulation of intermittent 
stochastic processes, with a focus on disaggregation strategies. 
 



MODELING OF HYDROLOGICAL SERIES AND LEVEL OF 
 RIVER WATER POLLUTION WITH THE HELP OF  

MULTI-DIMENSIONAL MARKOV SERIES 
 
Kartlos Kachiashvili, University, Tbilisi, Georgia, The I.Vekua Institute of Applied 

Mathematics (VIAM) 
 
Abstract:  Hydrological series and levels of rivers waters pollution are well approximated 
by Gauss Markov series owing to their limiting properties. As objects of an environment 
are multi dimensional with the statistically interconnected parameters, we consider 
modeling of multi-dimensional Markov series. One-dimensional Markov series are their 
special cases. 
 
Detailed information about Markov processes are given in many works. All known 
methods of modeling of casual series mean presence determined of a priori information: 
of multi-dimensional distribution function or spectral density, vector of mathematical 
expectations and function of correlation etc., which, as a rule is given as results of 
observation, with which help are estimated the unknown characteristics of a casual series. 
The error admitted in estimations, influences on accuracy of modeling results. The 
quantitative description of this influence, as far as we know, till now is not received. 
Whereas the knowledge of their is rather important at modeling real processes for an 
estimation of identity of the simulated process with initial. In the given work the question 
on influence of an error of estimations of the characteristics of a simulated series on 
accuracy of modeling is solved. In particular, the analytical dependences are deduced 
allowing to determine volume necessary of a priori information for calculation simulated 
meaning of real process with the given error, or for given volume of a priori information 
to determine an error of calculation of simulated meaning of real process. The developed 
algorithm is realized as the computer program and is included in the universal software 
package developed under the direction of the author for IBM-compatible computers.  
 
Developed algorithm and program detailed are tested with the help of computer modeling 
both theoretically determined of Markov series, and real processes of pollution of river 
water. The tests have shown correctness received a ratio and importance of these results 
in modeling and forecast of development of real processes in time. 
 



SESSION 9C - Model Applications II 
 

DEVELOPMENT OF THE NOAH LAND SURFACE MODEL AT NCEP/EMC 
 

Dag Lohmann, Ken Mitchell, Mike Ek, Pablo Grunmann 
Environmental Modeling Center, National Centers for Environmental Prediction 

 
Abstract: The current version 2.6 of the NOAH (NCEP, Oregon State University, the US 
Air Force, and the NWS Hydrology Lab as the major contributors) land surface model is 
tested with data from the Champaing (IL) site from Tilden Meyers and data from the 
PILPS-2e(www.hydro.washington.edu/Lettenmaier/CurrentResearch/PILPS-
2e/index.htm)and the GSWP Rhone Experiment  
(www.cnrm.meteo.fr/mc2/projects/rhoneagg).  
This talk also shows the current use of the NOAH model in the LDAS project (1/8 degree 
national, realtime land data assimilation, http://ldas.gsfc.nasa.gov). 
The NOAH LSM has four layers for modeling soil moisture and temperature, and has an 
explicit physical treatments for the vegetation canopy (Chen et al., 1996), subgrid runoff 
(Schaake et al., 1996), and snowpack. The final two state variables are intercepted 
canopy water and water equivalent snowpack. Recent upgrades to the NOAH LSM 
include frozen soil, snowpack density, snow cover patchiness, fine-resolution vegetation 
and soil types, ground heat flux improvements. NCEP/EMC now offers and supports the 
NOAH LSM as a community, 1-D, land surface model at: ftp.ncep.noaa.gov in 
/pub/gcp/ldas/noahlsm/ver_2.6. 
The 1-dim version of the NOAH LSM model was forced with data from Tilden Meyers 
flux measurement site in Champaing, Illinois. Model results of evapotranspiration, 
ground heat flux, sensible heat flux, soil moisture and temperature will be compared to 
measured data. In an effort to find the best potential parameters for this specific site, the 
NOAH model is optimized with a simple parameter estimation routine. Results will be 
shown for multiple NOAH runs in the parameter space. 
The NOAH model has also been tested recently in the PILPS-2e and the GSWP Rhone 
experiment. The results indicated that the snow melt and sublimation model needs 
revision. The talk shows the first efforts to improve these off-line simulations. 
A consortium  of GAPP/GCIP-sponsored groups is undertaking the development of an 
uncoupled Land Data Assimilation System (LDAS). NCEP, NASA/GSFC, NWS 
Hydrology Lab, NESDIS, Princeton University, University of Washington, University of 
Maryland, and Rutgers University have undertaken the development and prototype 
realtime demonstration of national, realtime, hourly, 15-km, uncoupled, distributed land-
surface models forced by observed precipitation and observed GOES-derived solar 
insolation. This system is referred to as the LDAS, as future enhancements will include 
the assimilation of satellite-derived land surface fields such as skin temperature, soil 
moisture, and snowpack. This talk shows the first results of the NOAH model within the 
LDAS setup. 



 
GIS-BASED HYDROLOGIC MODELING: 

THE AUTOMATED GEOSPATIAL WATERSHED ASSESSMENT TOOL 
 

S.N. Miller, Senior Research Specialist, D.J. Semmens, Research Specialist, R.C. 
Miller, Research Specialist, M. Hernandez, Hydrologist, D.C. Goodrich, Research 

Hydraulic Engineer, W.P. Miller, Research Assistant, USDA-ARS Southwest 
Watershed Research Center, Tucson, Arizona; and W.G. Kepner, Research 

Ecologist, D. Ebert, Ecologist, U.S. EPA Landscape Ecology Branch, Las Vegas, 
Nevada 

 
Abstract:  Planning and assessment in land and water resource management are evolving 
toward complex, spatially explicit regional assessments. These problems have to be 
addressed with distributed models that can compute runoff and erosion at different spatial 
and temporal scales. The extensive data requirements and the difficult task of building 
input parameter files, however, have long been an obstacle to the timely and cost-
effective use of such complex models by resource managers. The USDA-ARS Southwest 
Watershed Research Center, in cooperation with the U.S. EPA Landscape Ecology 
Branch, has developed a geographic information system (GIS) tool to facilitate this 
process.  A GIS provides the framework within which spatially distributed data are 
collected and used to prepare model input files and evaluate model results. The 
Automated Geospatial Watershed Assessment tool (AGWA) uses widely available 
standardized spatial datasets that can be obtained via the internet.  The data are used to 
develop input parameter files for KINEROS2 and SWAT, two watershed runoff and 
erosion simulation models that operate at different spatial and temporal scales.  AGWA 
automates the process of transforming digital data into simulation model results and 
provides a visualization tool to help the user interpret results.  The utility of AGWA in 
joint hydrologic and ecological investigations has been demonstrated on such diverse 
landscapes as southeastern Arizona, southern Nevada, central Colorado, and upstate New 
York. 
 



SIMULATION OF CHANNEL LOSSES AND RECHARGE FOR AN AQUIFER 
RECHARGE ZONE WATERSHED USING HSPF 

 
D. Ockerman, U.S. Geological Survey, San Antonio, Texas   

 
Abstract:  The Edwards aquifer in the San Antonio region supplies drinking water for 
more than one million people in south-central Texas and provides habitat for rare and 
endangered species. Proper development and protection of the aquifer is a high priority 
for local and state authorities and depends on better understanding of the aquifer and of 
the effects of development on the aquifer recharge and catchment area. A watershed 
model using HSPF, Hydrologic Simulation Program – FORTRAN, was calibrated and 
simulations performed to analyze the effects on surface-water recharge to the aquifer as a 
result of development on the aquifer recharge zone watershed.  
Surface water recharge to the Edwards Aquifer occurs in two ways. First, rainfall on the 
outcrop infiltrates directly to the aquifer. Second, recharge takes place as streamflow 
losses from creeks crossing the outcrop. Often, recharge (along with evapotranspiration 
and subsurface storage) is an uncalibrated residual term in the model water balance.  In 
this model application, however, estimates of recharge are one of the primary objectives 
of the model simulations. Also, the method by which recharge occurs is very important to 
consider as the model is used to simulate various watershed development scenarios. As 
suburban development proceeds, pervious land surface is reduced and recharge through 
direct infiltration of rainfall would be expected to decrease. However, in this semi-arid 
region, runoff to stream channels may be increased by the addition of impervious surface 
area to the watershed. It is possible that under certain conditions of development and 
rainfall distribution, recharge loss due to reduction of undeveloped pervious land might 
be offset by an increase of recharge occurring in stream channels as a result of increased 
runoff to the stream channels from newly developed impervious area. So, for this model 
application, distinction between forms of recharge is important and a method of 
accounting for channel losses must be included in the model calibration.  
Channel loss data was collected from gain-loss streamflow measurements made during 
recession flow after storm events. From these data, channel losses (to aquifer recharge) as 
a function of stream discharge were calculated and used in the HSPF hydraulic reach 
function tables (FTABLEs). So, channel loss parameters were determined experimentally 
and were implemented into HSPF model configuration. Model calibration and testing 
(verification) were completed and estimates of recharge computed. 
After model calibration, a development scenario (residential and commercial growth) was 
simulated to assess the effects of suburban development in the watershed. Simulation 
results indicate that recharge from channel losses increased with increased development. 
Moreover, decrease in recharge from direct infiltration (caused by reduction of pervious 
aquifer outcrop) was offset by increased recharge from channel losses, so that overall, 
total recharge increased. The effect of increased recharge due to development was most 
noticeable during relatively dry periods. During these periods of low rainfall, runoff from 
impervious areas was the primary source of surface-water recharge to the aquifer. 



XTOP_PRMS, A SEMI-DISTRIBUTED MODEL FOR SIMULATING 
HYDROLOGIC PROCESSES: MODEL APPLICATION AND RESULTS FOR 
THE FIVE USGS WATER, ENERGY, AND BIOGEOCHEMICAL BUDGET 

(WEBB) SITES 
 

Richard M.T. Webb, Hydrologist, U.S. Geological Survey, Denver, Colorado; 
George H. Leavesley, Hydrologist, U.S. Geological Survey, Denver, Colorado; and 

David M. Wolock, Hydrologist, U.S. Geological Survey, Lawrence, Kansas 
 

Abstract: To clarify first-order processes governing the quantity and quality of water 
flowing from the headlands of small forested watersheds (< 100 km²), the U.S. 
Geological Survey initiated the Water, Energy, and Biogeochemical Budget (WEBB) 
project in 1992. Five forested upland sites were chosen for long term study: Loch Vale, 
Colorado; Trout Lake, Wisconsin; Sleepers River, Vermont; Panola Mountain, Georgia; 
and Luquillo Mountain, Puerto Rico. Each site is unique in its climate, geology, soils, and 
vegetation. This paper describes XTOP_PRMS, a physically-based watershed model 
developed to simulate flow-generation mechanisms at the five WEBB sites. 
 
XTOP_PRMS consists of modules that simulate the fluxes and storage of water in a 
watershed. Precipitation falling on the watershed will be retained in the canopy, 
snowpack, root zone, or unsaturated zone, evaporate back into the atmosphere, or be 
exported through the basin outlet. Rain, snow fall, canopy interception, and potential 
evapotranspiration are simulated using modules from the existing Precipitation Runoff 
Modeling System (PRMS) model. Snowpack processes are simulated with the National 
Weather Service HYDRO-17 model. Snowmelt and direct precipitation provide input to a 
multi-catchment version of TOPMODEL, a moisture balance model with variable source 
areas capable of simulating Hortonian and Dunnian overland flow, macropore flow, 
return flow, and base flow. There are no storage reservoirs for deep groundwater or 
surface water bodies in the current model. Water discharged to the stream from the hill 
slopes is routed to the basin outlet using the time-delay approach. 
 
The sensitivity of specific parameters and the relative importance of different hydrologic 
processes varied between sites as follows: High hydraulic conductivities and 
homogeneous transmissivity were needed to reproduce the relatively constant base flows 
for Trout Lake. Low infiltration rates and associated Hortonian overland flows were 
needed to produce the flashy runoff observed at the Luquillo Mountain site. Thick soils 
were needed to reproduce the significant summer evapotranspiration depression for the 
Panola site. Appropriate lapse rates of precipitation and temperature were needed to 
reproduce the extended melt observed at Loch Vale; both thick soils and appropriate 
snowmelt parameters were needed to reproduce the evapotranspiration and snowmelt 
runoff observed at Sleepers River. 
 



SESSION 9D - Dam Safety And Decommissioning 
 

2-D MODEL FOR DAM DECOMMISSIONING 
 

Mitchell Delcau1, Blair Greimann1 
 
 

1. Hydraulic Engineer, U.S. Bureau of Reclamation, Sedimentation & River 
Hydraulics Section, Technical Service Center, Denver, CO 

 
Abstract- The state of dam decommissioning is in its infancy at this current time.  As 
dams age, however, the benefits derived may be too small in comparison with the 
economic and environmental costs associated with their continued operation and 
maintenance.  Sedimentation in the reservoirs can accelerate the decline of benefits.  
Therefore, dam decommissioning will become increasingly common.  Decommissioning 
poses a unique challenge to the field of sedimentation and river engineering.  The 
common question to answer is and will be what to do with these sediments if it is decided 
that a dam is to be decommissioned. 

 
There are many 1-D and 2-D sediment transport models currently developed.  However, 
most of them do not provide the unique needs required for a dam removal.  Therefore, 
new model development is necessary to incorporate all the complexities of a dam 
removal.  In particular, decommissioning models should be able to simulate the complex 
stratigraphy of the reservoir sediments and erosion of these sediments as the dam is 
removed.  They should also have the capability to model local deposition at structures 
and reach long aggradation.  In addition, channel formation and bank erosion are critical 
to the rate at which sediment is removed from behind the dam. 
 
The authors are developing a computational scheme to handle the complexities stated.  A 
conceptual reservoir, decommissioning model is presented.  It uses an unstructured finite 
volume grid and uses Roe’s approximate Riemann Solver for the flow solution.  It 
models both cohesive and non-cohesive sediments.  It is currently being developed and 
tested on Matilija Reservoir in Ventura County, CA. 
 

 
 



 
MATILIJA DAM REMOVAL AND SEDIMENT MANAGEMENT 

 
Blair Greimann1, Edmund Andrews2, Mitchell Delcau1 

1U.S. Bureau of Reclamation, Technical Service Center, Denver CO 
2U.S. Geological Survey, Boulder, CO 

 
Approximately 6 million cubic yards of sediment as accumulated behind Matilija Dam 
near Ventura, California since its construction in 1947, and only 7% of the original 
reservoir capacity remains.  Furthermore, the concrete has experienced severe 
alkali/aggregate reaction and has deteriorated substantially.  Several alternatives are 
therefore currently under consideration to remove the dam and stabilize and/or remove 
the accumulated sediment.  The economic, environmental and social costs associated 
with removing part or all of the reservoir are large and vary significantly amount the 
various options.  The natural river erosion alternatives (i.e. allowing river flows to erode 
the accumulated sediment and transport the material 17 miles downstream to the ocean) 
is the least expensive option, but one that will be viable only if it can be done without 
increasing downstream flood risks.  The relatively flat, low-lying areas adjacent to the 
lower 14 miles of the Ventura River are, for the most part, extensively developed, and 
prone to inundation despite appreciable flood control measures.  An important part of the 
feasibility study will be an analysis of water and sediment routing in the lower 14 miles 
of the Ventura River.  Anecdotal evidence from the Ventura River suggests that the 
extent and location of deposition during floods varies significantly depending upon flood 
magnitude and duration, and the sediment supply.  The reservoir deposit is approximately 
30 times the mean annual suspended sediment load from 1930-2000.  The reservoir 
deposit, however, if relatively fine grained: 90% is <2 mm.  Furthermore, a few large 
Ventura River floods have transported a majority of all suspended sediment over the 
period of record (e.g. 50% of all sediment transport between 1930 – 2000 was carried in 
just 18 days).  Accordingly, the natural river erosion alternative appears feasible if 
erosion of the reservoir deposit is managed carefully so that additional sediment is 
released to the Ventura River only when flows are such that the possibility for channel 
and/or floodplain deposit is small.   

 
 



 
 

DEVELOPMENT OF DESIGN STORM FOR SPILLWAY REMEDIATION OF 
DAMS IN NICARAGUA 

 
Jerry W. Webb, Chief, Water Resources Engineering Br., USACE-Huntington, 
WV; Stephen R. Stout, Engineer, Water Resources Engineering Br., USACE-

Huntington, WV: U.S. Army Corps of Engineers, Huntington, WV   
 
Abstract:  The Mancotal Dam of the Apanas Reservoir in Nicaragua, among others was 
severely damaged during Hurricane Mitch. The Corps of Engineers was tasked with 
evaluation of appropriate remediation measures at this and other sites. The loss of a large 
reservoir, due to its inability to pass a storm event, is typically unacceptable under any 
circumstances.  In the case of Mancotal Dam (Apanas Reservoir) in Nicaragua, this 
situation is further aggravated due to the water supply and hydropower needs that are 
dependent on the dam. The adequacy of a reservoir’s spillway is dependent on its ability 
to safely pass runoff from storms.  The magnitude of the storm that should be considered 
necessary for such passage is a function of safety, cost, foresight, expectations, risks and 
a multitude of other factors.  The storm used to size a dam and spillway is called a 
“Design Storm”; a “Design Flood” is the flood resulting from this storm. The selection of 
a Design Storm is typically based on the dependence of a region to a reservoir and the 
inherent risks associated with failure of the dam supporting the reservoir.  The accepted 
design standard for any large significant dam is the Probable Maximum Storm (PMS).  
This is the largest magnitude, most critically intense rainfall- producing storm that can be 
reasonably assumed to occur over a region.  
Many special PMS studies have been done by the National Weather Service (NWS) for 
the continental United States.  Such studies are extensive and cannot be conducted in a 
short time frame. The NWS’s Hydrometeorological Reports Number 51 and 52 provide 
guidance on developing a PMS.  In the United States, data has been developed by the 
NWS that provides regionally based rainfall indexes.  These indexes provide maximum 
rainfall intensities for various durations throughout the U.S.  PMS indices and 
development procedures are not available for Nicaragua or Central America.   Therefore, 
the application of the indexes developed in HMR 51 and 52 to this region had to be 
evaluated.  The storm resulting from Hurricane Mitch, which occurred in 1998 is used for 
this evaluation.  A detailed evaluation of the Hurricane Mitch storm indicates many of the 
indices used in developing a PMS in the United States are exceeded by this storm.  
Therefore, methods are described to determine a Design Storm representative of “worst 
case” condition for Nicaragua and how to “transpose” such a storm across its 
mountainous terrain.  The relative size and magnitude of the Hurricane Mitch storm in 
comparison to a “worst storm possible” is important.  It is also important to this study to 
know “how”, “why” and “where” the rain fell during Mitch relative to Mancotal Dam.  
Many factors such as orographic changes in landmass and distances from moisture 
sources play a role in transposing a storm.  However, the primary factor is related to the 
difference in the lowest sustainable dew points between seas level and the watershed of 
the reservoir.    It was determined that two design storms should be considered for 



Mancotal Dam.  Both storms were evaluated and the Design Storm resulting in the 
highest reservoir elevation was used in the analysis of dam safety alternatives.  
  



 
DEMONSTRATION OF PORTFOLIO RISK ASSESSMENT  

FOR HUNTINGTON DISTRICT DAMS 
 

Jerry W. Webb, Sean L. Smith, and Kenneth C. Halstead  
 
Abstract: The objective of the Demonstration of Portfolio Risk Assessment (PRA) is  to 
provide U.S. Army Corps of Engineers (USACE) staff with exposure to applying 
portfolio risk assessment techniques to dam safety assessment and prioritization decision-
making. The lessons learned and experience gained during this PRA will be utilized to 
formulate future USACE policy for the use of risk assessment in the USACE Dam Safety 
Assurance Program (DSAP).  The results will be used to direct future research efforts to 
expand and extend the existing risk assessment tools and procedures.  Valuable insights 
will be derived in regard to the nature and significance of dam safety issues at the dams 
and the analysis can provide a possible basis for justifying and prioritizing dam safety 
investigations. 
 
The risk assessment process is not intended to make or prescribe dam safety decisions.  
These decisions will be made by the USACE.  However, with the results of a PRA, the 
USACE is equipped to be in a better position to make informed decisions, especially for 
prioritizing further investigations and risk reduction measures 
 
 The demonstration project was based on current PRA practice as applied in the 
U.S. and Australia.  Typical formats for risk assessment results were used and various 
risk-based criteria currently in use by the USBR, BC Hydro and ANCOLD were 
implemented on a reference (or comparative) basis for evaluation by the USACE. 
 
The Demonstration PRA was conducted at a "reconnaissance" level of detail.  It was 
based primarily on available information (e.g. engineering reports, analyses, and 
monitoring records), regional estimates of flood and earthquake loading-annual 
exceedance probability (AEP) relationships, breach-inundation modeling and 
consequences assessment.  For certain variables, reasonable assumptions were made, 
based on engineering judgment and experience. When the working model is 
implemented, additional supporting engineering analyses may be conducted at the 
discretion of the USACE to improve and refine those initial assumptions. 
 
An A/E contractor and pertinent USACE team members prepared the report jointly. The 
report describes the Demonstration PRA process, and risk assessment inputs, results, 
findings and recommendations.  Supporting analyses are described in appendices of the 
report. 
 



SESSION 10A - Landscape, Erosion, and Sediment Transport III 
 

RATES AND PROCESSES OF KNICKPOINT RETREAT IN AN UNSTABLE 
RIVER SYSTEM: YALOBUSHA RIVER BASIN, MISSISSIPPI 

 
Andrew J.C. Collison, Robert E. Thomas, and Andrew Simon,  
USDA-ARS National Sedimentation Laboratory, Oxford, MS 

 
Abstract: Channelization of rivers in the Yalobusha Basin, MS, since the 1950’s has led 
to incision and headward migration of knickpoints formed in cohesive streambeds.  
Channel expansion has degraded habitat and threatens bridges and land in the basin, 
while sediment and woody debris eroded by the knickpoints has been deposited 
downstream, causing flooding in urban areas.  The CoE is stabilizing the basin 
headwaters with an extensive program of grade control structure construction. To help 
prioritize grade control structure installation ten knickpoints in the watershed have been 
monitored since 1997, and investigations of hydraulic and geotechnical properties have 
been carried out.  Knickpoints form in two cohesive materials; the Naheola formation and 
the Porters Creek Clay.  The average rate of knickpoint retreat in the Naheola clay is 6.6 
m per year, while in the Porters Creek Clay it is 1.0 m (lowest 0.4, highest 11.0 m).  
Critical shear stress averages 1.5 Pa for the Naheola while for the Porters Creek clay it is 
183 Pa.  Monitoring of available boundary shear stress suggests that in the Porters Creek 
sites other factors must come into play to account of the observed knickpoint retreat rates. 
 



FOREST ROAD EROSION, SEDIMENT TRANSPORT AND MODEL 
VALIDATION IN THE SOUTHERN APPALACHIANS 

 
Dr. Mark S. Riedel, Research Hydrologist, USDA Forest Service, Otto, NC 

Dr. James M. Vose, Project Leader, USDA Forest Service, Otto, NC 
 
Abstract:  The Conasauga River Watershed, located in northern Georgia and southern 
Tennessee, has one of the most diverse aquatic ecosystems in this region and is currently 
being considered for designation as a wild and scenic river.  The Conasauga River also 
serves as a major source of drinking water for numerous large cities.  Due to the close 
proximity with the cities of Knoxville, Atlanta, and Chattanooga, intensive public usage, 
and the high quality of this aquatic resource, the United States Department of Agriculture 
(USDA) Forest Service has designated the Conasauga River as one of the twelve large-
scale watershed restoration projects in the nation.  This is warranted as the Conasauga 
River is experiencing excessive sedimentation from the erosion of private agricultural 
lands, streambanks, and forest roads.  We are working with an erosion model, the 
Sediment Tool, to facilitate decision-making in the restoration of forest roads.  The 
sediment tool, and its parent model the Watershed Characterization System (WCS), were 
developed by the US Environmental Protection Agency (EPA).  The Sediment Tool is a 
spatially explicit, GIS based, finite element, lumped parameter model which generates 
estimates of soil erosion, sediment routing and sediment yield.  We applied WCS along 
segments of thirteen mountain roads in the Conasauga Watershed.   The segments 
provide replication of road types under a variety of usage levels, road base materials and 
slopes.  We sampled overland flow from each segment for total suspended solids (TSS) 
and surveyed all pertinent road characteristics.  While we were able to qualitatively 
calibrate the model, predicted sediment yields were typically much greater than observed 
data.  Model results improved with digital elevation model (DEM) and computational 
grid resolution.  Error analysis indicated that model sensitivity is limited by the governing 
equations within the model and the resolution of the input data.  The model currently 
employs the universal soil loss equation (USLE) to estimate soil erosion and empirical 
sediment yield equations to transport sediment.  These empirical equations were not 
developed for application on aggregate road surfaces.  DEM resolution will also present 
problems in routing the sediment to streams.  Streams in the study areas are only one two 
three meters wide.  Floodplains adjacent to these streams are typically four or five meters 
wide and frequently trap sediment-laden runoff before it reaches the streams.  Current 
efforts to improve upon the model include an adaptation of the process based Water 
Erosion Prediction Project (WEPP) model and attainment of finer resolution DEM data 
that will more accurately represent the road surfaces. 
 



GRID RESOLUTION EFFECTS ON UPLAND EROSION PREDICTIONS 
 
R. Rojas, Ph.D. candidate, Civil Eng. Dept., Colorado State University, Fort Collins, 
Colorado; P. Julien, Professor of Civil Engineering, Engineering Research Center, 

Colorado State University, Fort Collins, Colorado 
 
Abstract:  The hydrological and erosion model CASC2D-SED was used to simulate the 
upland erosion in Goodwin Creek, MS.  Results show that an increase in the grid cell size 
tends to decrease the basin's average slope and slope range thus creating a milder runoff 
surface.  Sediment production decreases significantly with increasing grid cell size due to 
decreasing slope values, with the larger increasing rates simulated for the case of the 
larger events. 
 



INCORPORATING BANK-TOE EROSION BY HYDRAULIC SHEAR INTO 
THE ARS BANK-STABILITY MODEL 

 
Andrew Simon, Andrew J.C. Collison, Anthony Layzell, and Robert Thomas; 

USDA-Agricultural Research Service, National Sedimentation Laboratory, 
Oxford, Mississippi 

 
Abstract: Bank-stability concerns along the Missouri River, eastern Montana are 
heightened by a proposed change in flow releases from Ft Peck dam to improve habitat 
conditions for sturgeon. The effects of the proposed flow releases on streambank pore-
pressures and bank-toe erosion needs to be evaluated to properly model bank-stability. 
The ARS Bank-Stability Model incorporates pore-water pressure distributions, layering, 
confining pressures, reinfrcement effects of riparian vegetation and complex bank 
geometries to solve for the factor of safety (Fs). To increase the applicability and 
accuracy of the model for use in predicting critical conditions the hydraulic effects of 
bank-toe erosion has been added.  
Upper-bank stability is often a function of the degree of fluvial undercutting that occurs 
during rises in stage when the bank toe becomes submerged and steepened. This erosion, 
which is a function of the erodibility of previously failed materials and in situ sediments 
at the toe has been difficult to measure or estimate in the field. Erodibility of what are 
often cohesive sediments is difficult to quantify. Recent field research on erosion of in 
situ cohesive streambeds and bank toes with a submerged jet-test device provides a 
means of calculating bank-toe erosion. Results of almost 200 tests at stream sites from 
Arizona, Iowa, Mississippi, Missouri, Montana, Nebraska, and Tennessee provide the 
following general relation: k = 0.1 τc –0.5; where k = erodibility coefficient in cm3/N-s and 
τc = critical shear stress in Pa. Critical shear stresses are obtained in situ with the jet-test 
device (92 tests) for bank-toe materials along the Missouri River, Montana to obtain k 
and to calculate an erosion rate based on an excess shear-stress relation: ε = k (τ - τc); 
where ε = erosion rate in m/s and τ = average boundary shear stress in Pa. Inputs for the 
bank-toe erosion routine are: (1) a rectangular-shaped hydrograph of specified height and 
duration, (2) bed or water-surface slope, (3) flow depth, (4) bank geometry, and (5) τc for 
all bank layers and failed debris. Erosion is simulated normal to the submerged bank 
surface and the resulting bank geometry serves as input into the bank-stability part of the 
model. 
According to the proposed flow-release plan, flows of 216 m3/s are increased by 38.3 
m3/s/day for 12 days to 675 m3/s, held for 60 days and decreased for 12 days back to 216 
m3/s according. As expected, results show the important contribution of bank-toe 
erodibility in controlling mass failure. All sites modeled indicate a destabilizing influence 
(reduction in Fs) during the lowering of stage after 60 days, much of it due to lateral 
seepage and losses of matric suction and confining pressure. Banks at river miles 1624, 
1676 and 1716 attain Fs < 1.0 indicating imminent failure. These sites contain less 
resistant sandy-silt material at the bank toe, and experienced simulated undercutting up to 
3m. More resistant cohesive, clay bank toes at river miles 1589 and 1762 were undercut 
only 0.2 m and remained stable.  



 
 

SEDIMENT TRANSPORT MODEL FOR NATURAL RIVER WITH 
FLOODPLAINS  

 
Jianchun Huang, Visiting Hydraulic Engineer, Sedimentation and River Hydraulics 

Group, Technical Service Center, Bureau of Reclamation, Denver, CO, and 
Research Investigator, Iowa Institute of Hydraulic Research, The University of 

Iowa, Iowa City, IA; Blair Greimann, Hydraulic Engineer, Sedimentation and River 
Hydraulics Group, Technical Service Center, Bureau of Reclamation, Denver, CO; 
and C. T. Yang, Manager, Sedimentation and River Hydraulics Group, Technical 

Service Center, Bureau of Reclamation, Denver, CO 
 

Abstract: This paper presents a one-dimensional numerical model for predicting 
sediment transport and bed evolution in natural rivers that have floodplains.  The 
sediment transport in floodplains is generally different from that in the main channel.  
Even when there is erosion in the main channel, the floodplain usually experiences 
deposition.  To predict the erosion and deposition at the same cross section, the river is 
divided into three sub-channels in the transversal direction: one each for the main 
channel, left and right floodplains.  The non-equilibrium sediment transport equation is 
modified to account for the sediment exchanges between the sub-channels.  The 
numerical model has been applied to a reach of Rio Grande downstream of the San 
Acacia Diversion Dam to the Elephant Butte Reservoir.  Based on a comparison with 
field data, the bed profile and cumulative deposition are estimated satisfactorily by the 
numerical model. 

 
 



SESSION 10B - Statistical And Stochastic Hydrology II 
 

SIMPLIFIED PROBABILISTIC EXTREME FLOOD HYDROGRAPHS  
FOR DAM SAFETY 

 
John F. England, Jr., U.S. Bureau of Reclamation, Denver, Colorado 

 
Abstract: Extreme flood hydrographs are needed to conduct risk analyses for dam safety.  
A probabilistic hydrograph is defined as one that preserves a peak discharge exceedance 
probability and dependence between volume and peak for a fixed duration.  Probabilistic 
extreme flood hydrographs are constructed based on past streamflow estimates and 
paleoflood data.  The key factor in this approach is a peak discharge frequency curve, 
based on paleoflood data, that is extrapolated to a 1 in 10,000 annual exceedance 
probability.  A volume-to-peak approach is presented that uses four components to 
construct hydrographs: (1) a peak discharge-probability relationship; (2) regression 
relationships between peak discharge and maximum mean daily flow volumes; (3) 
observed hourly flow hydrographs that have regulation effects removed; and (4) a 
probability density for extreme storm duration.  An algorithm to develop the hydrographs 
is presented.  Assumptions, advantages and limitations of the simplified approach are 
discussed.  The method is demonstrated using recent data and analyses for a large 
reservoir in the western United States.  Possible future additions to the method, including 
Monte Carlo sampling procedures, are outlined. 
 



HYDROLOGICAL ASSESSMENT SYSTEM  
FOR RESERVOIR SPILLWAY CAPACITY  

 
Jun-Haeng Heo, Professor, School of Civil & Environmental Engineering,  

Yonsei University, Seoul, Korea; Chang-Sam Jeong, Ph.D. Candidate,  
Department of Civil Engineering, Yonsei University, Seoul, Korea; Kyung-Duk 

Kim, Ph.D., Inspection Division 2, Korea Infrastructure Safety and  
Technology Cooperation, Kyonggido, Korea. 

 
Abstract:   The graphical user interfaced (GUI) program so called HDAS (Hydrological 
Dam safety Assessment System) was developed to check the capacity of reservoir 
spillway discharge.  This program consists of three modules: the first one is the 
Frequency Analysis System of hydrological data (FAS), the second is the Runoff 
Modeling System (RMS) and the last is the Reservoir Operating Systems for the designed 
inflows hydrograph (ROS) module.  The engines of this program were developed by 
FORTRAN codes and the dynamic-link (DLL) was used for interface, and Delphi ver 6.0 
was adopted for the GUI. 
 



HYDROLOGICAL PREDICTION/FORECASTING MODELING USING 
COMPUTATIONAL INTELLIGENT TECHNIQUES 

 
Bernard B. Hsieh 

US Army Engineer, Research and Development Center, Vicksburg, Mississippi 
 
Abstract:  Three different scale watershed systems are used to illustrate the 
prediction/forecasting of hydrological behavior using computational intelligent 
techniques, such as Artificial Neural Networks (ANNs).  The physical parameters for 
evaluating the performance are riverflow, river stage, rainfall and rainfall-runoff 
processes.  In the lower portions of the Mississippi River, riverflow characteristics at 
Memphis, TN, can be predicted with a high degree of accuracy from two upstream 
gauges, even without rainfall data and tributary flow data (sixteen years daily flow and 
precipitation).  Less accurate results were obtained for the Sava River (Croatia) daily 
flow study, due to mainly to the limited length of available data sets.  The model 
performance was excellence for 40 years monthly mean data set for the Sava River.  A 
spatial rainfall prediction and forecasting system was applied to the Goodwin Creek 
Watershed using ANNs. The study concluded that the best performance of an ANN for 
hydrological prediction/forecasting heavily depends not only the length of the data sets 
but also whether the most significant patterns included in the process. The performance 
accuracy due to intelligent techniques, approach algorithms, training strategies, and data 
representation are presented. 
 
 



 
QGEN – GENERATION OF ANNUAL PEAK FLOW DATA 

 
William Doan, P.E., Hydraulic Engineer, U.S. Army Corps of Engineers, 

Omaha, Nebraska 
 
Abstract:  A computer program (QGEN) was developed which can generate or fill in 
missing annual peak flow hydrologic data based on regression analysis between two 
stream gages using:  simple linear regression, linear regression with "noise" or error, and 
Maintenance of Variance Extension (MOVE).  The program uses two HEC-FFA Flood 
Frequency Analysis input files for instantaneous peak flows.  The program uses the 
concurrent years between the two stations to generate missing year flows for the second 
inputted HEC-FFA input file.  The program also generates output files with the HEC-
FFA input format for the actual data supplemented with generated or synthetic data. An 
auxiliary program was also developed which can take peak flow data from the USGS 
Web-site and convert it directly into the HEC-FFA input format required for the program.  
The three methods of generating hydrologic data were tested using two USGS stream 
gage locations: Yellowstone River at Miles City, MT and Sidney, MT and Elkhorn River 
at West Point, NE and Waterloo, NE.  The results of the analyses are summarized in 
terms of the statistical parameters of mean, standard deviations, skews, and discharge 
quantiles estimates.  The results are also summarized in comparison to the traditional 
methodology discussed in Bulletin 17B Guidelines for Determining Flood Flow 
Frequency, Appendix 7 - Two Station Comparison. 
 



SESSION 10C - Model Applications III 
 

A NEW MODEL TO PREDICT RUNOFF  FROM WETLAND REGIONS 
 

Leo R. Kreymborg, E.I.T., WEST Consultants, Inc, San Diego, CA , 
Selena M. Forman, Ph.D., P.E., WEST Consultants, Inc., San Diego, CA, and 

Hydrology & Hydraulics Branch, St. Paul District, US Army Corps of Engineers, St. 
Paul, MN 

 
Abstract:  The prairie pothole region of North America, encompassing parts of North and 
South Dakota, Minnesota, Montana, Iowa, and the Canadian prairie provinces, is 
characterized by numerous shallow wetland depressions.  The storage and evaporation of 
water from these potholes causes a substantial reduction in runoff.  In aggregate, the 
incremental evaporation due to the presence of potholes can be many times higher than 
the runoff itself. 
For decades, however, many of these glacially-created prairie pothole wetlands were 
drained for farming or other purposes.  Now in some watersheds, restoration of drained 
depressions is being considered as a potential option for reducing total annual and/or 
peak flood flows from the watersheds.  
Due to the complex networked nature of the flow between the prairie potholes, traditional 
hydrologic models do not properly account for the flow interactions between these 
shallow depressions.   These models therefore cannot accurately predict the storage and 
evaporation caused by the depressions.  Similarly, the impact of the restoration of 
individual drained depressions cannot be properly modeled using existing hydrologic 
models.  Therefore, a new model was created to predict the impact of depression storage 
and restoration on runoff in regions with substantial numbers of wetland depressions. 
The model was written in Microsoft Visual Basic 6.0 (Visual Basic for Applications) 
inside a Microsoft Access database.  Detailed geographic information is generated from 
GIS data sets and imported into Microsoft Access.  Using ArcView GIS and HEC-
GeoHMS, the drainage basin is divided into thousands or tens of thousands of subbasins 
and the corresponding stream network is delineated.  The surface area, volume, pour 
point, and contributing drainage area for each depression is also computed.  Each 
depression is assigned to a subbasin and categorized as on-river  (depressions that 
intersected a stream) or off-river (depressions that did not intersect a stream). 
Using a daily time step, the model applies precipitation (rainfall plus snowmelt) to a 
subbasin, performs soil moisture accounting calculations (infiltration, percolation, and 
evapotranspiration), computes runoff into off-river and on-river depressions, determines 
the evaporation from the depressions, and routes the excess to on-river depressions in the 
downstream subbasins.  Groundwater recharge to the depressions and infiltration from 
the depressions is not simulated.  Typical model simulation times range from 10 years to 
50 years. In a test case, the calibrated model accurately simulated runoff volumes.  This 
model was subsequently used to evaluate runoff resulting from depression restoration. 
 



HYDROLOGIC MODELING OF SAN DIEGO CREEK WATERSHED 
ORANGE COUNTY, CALIFORNIA 

 
James Chieh, Cuong Ly, John Onderdonk, Van Crisostomo, Hydraulic Engineers, 

U.S. Army Corps of Engineers, Los Angeles, California 
 
Abstract:  A watershed feasibility study was conducted for the San Diego Creek 
Watershed.  Orange County and the Corps of Engineers sponsored this study.  The 
purpose of the watershed feasibility study will be to develop an integrated “watershed 
management plan” to maintain, restore and enhance activities that contribute to a healthy 
watershed and bay.  Products of the study include the development of models to 
comprehensively address current hydrologic, hydraulic, and sediment transport 
conditions within the watershed.  Geo-HMS and Geo-RAS were developed by the 
Hydrologic Engineering Center as geo-spatial hydrologic GIS tool kits for engineers and 
hydrologists.  Geo-HMS allows users to visualize spatial information, document 
watershed characteristics, perform spatial analysis, delineate sub-basins and streams, 
construct inputs to hydrologic models, and assist with report preparation.  The current 
version of Geo-RAS creates an import file for HEC-RAS containing river reach and 
station identifiers, cross-sectional cut lines, cross-sectional surface lines, cross-sectional 
bank stations, downstream reach lengths for the left overbank, main channel, and right 
overbank, and cross-sectional roughness coefficients.  Hydraulic structure data are not 
written to the import file.  Water surface profile data and velocity data exported from 
HEC-RAS may be processed into GIS data sets using GEO-RAS.  This paper presents the 
application of Geo-HMS and Geo-RAS to develop the rainfall runoff model (HEC-1) and 
hydraulic model (HEC-RAS) for the San Diego Creek Watershed.   
 



OPTIMIZATION OF COMPETING WATER DEMANDS 
 IN THE BIG SANDY BASIN 

 
Jerry W. Webb, Chief; Stephen R. Stout, Engineer, Water Resources Engineering 

Branch, U.S. Army Corps of Engineers, Huntington, West Virginia   
Stuart M. Stein, President; Brett Martin, Senior Engineer,  

GKY & Associates, Inc., Springfield, Virginia  
 
Abstract:  The Huntington District of the Corps of Engineers is working to develop better 
operating strategies for reservoirs in the Big Sandy River Basin in order to respond to the 
competing demands of multiple stakeholders in the basin, including flood control, 
whitewater recreation, water supply, and water quality.  The Basin includes five 
reservoirs and several downstream gage controls.  STELLA is a software package that 
can be used for building and simulating models of dynamic systems and processes.  A 
simple set of building block icons was used to construct and map the reservoir regulation 
process in the Big Sandy Basin. A modeling tool was developed using STELLA software 
to assist the Corps in quickly and easily evaluating operating scenarios and investigating 
impacts to the various stakeholders.  This tool was recently applied to evaluate the 
impacts of various water supply options for Paintsville Lake and Yatesville Lake on the 
Basin.  Multiple withdrawal options were evaluated for each location. Additionally, logic 
was added to improve operations to meet downstream minimum flow constraints in order 
to minimize impacts on whitewater (recreational) releases.   
 
The economic market associated with whitewater rafting and the need for water supply 
has increased to such a degree that efforts are currently being made by the Corps of 
Engineers to find better hydrologic models to analyze watersheds for water control 
purposes. Congressional concern brought on by public interest has resulted in the 
involvement of the Corps of Engineers in evaluation of augmentation flows for water 
quality, whitewater and other project purposes. Whitewater releases from an existing 
reservoir project may be appropriate and in the public interest as long as the change does 
not significantly affect other project purposes or cause other adverse effects.  This paper 
will explain how the Huntington District determines the optimal operational approach for 
Flannagan, Paintsville, Dewey, Fishtrap, and Yatesville Reservoirs of the Big Sandy 
Basin (see Figure 1) to provide specific outflow releases.  All projects were evaluated 
based on multi project operations to find the optimal approach to increasing the reliability 
of the required flows at certain specified control points.  The effects of these changes in 
project operations were assessed and a conclusion was reached concerning an appropriate 
operational plan.  
 



A HYDROLOGIC FORECAST AND RESERVOIR OPERATIONS MODEL  
FOR THE WINNIPESAUKEE RIVER, NH 

 
Mark Woodbury, Water Resources Engineer, Riverside Technology, inc., Fort 

Collins, Colorado; Larry Brazil, Water Resources Engineer, Riverside Technology, 
inc., Fort Collins, Colorado; Steve Doyon, Department of Environmental Services, 

Concord, New Hampshire 
 
Abstract: The New Hampshire Department of Environmental Services (DES) has 
developed a real-time flood forecasting and reservoir operations model for the 
Winnipesaukee River. Lake Winnipesaukee lies at the head of the river and drains a large 
percentage of the total area of the watershed. Between the lake and the confluence of the 
Winnipesaukee River with the Pemmigewasset River are a number of small dams and 
lakes, many of which include hydropower generation facilities. Because the area adjacent 
to the lake and the river are well developed and are used extensively for recreation, dam 
operations are constrained to operate within a narrow range of elevations that limit 
flexibility for flood operations. The flood forecasting and reservoir operations model will 
allow DES to respond more effectively to unusual hydrologic events through reservoir 
management, providing warnings to affected persons, and conveying information on 
current hydrologic and reservoir operating conditions to the public. 
 



PLANNING WATER ALLOCATION IN RIVER BASINS, 
AQUARIUS: A SYSTEM’S APPROACH 

 
Thomas C. Brown, Economist, U.S. Forest Service, Fort Collins, Colorado; 
Gustavo E. Diaz, Faculty Affiliate, Colorado State University, Fort Collins, 

Colorado; and Oli G. B. Sveinsson, PostDoc, Colorado State University, Fort Collins 
 
Abstract:  Concern for the environment, demand for outdoor recreation, and interest in 
sustainable development are redefining how water is stored and distributed in river 
basins. In particular, tradeoffs between instream and offstream water uses have become 
increasingly important in planning and managing water resources. These tradeoffs are 
important in new water developments as virtually all water projects have an impact on 
recreation and environmental quality. However, they are also important for existing water 
developments, especially when they are reevaluated for license renewal. Such concerns 
require modeling to determine how water used for traditional activities and that used for 
nontraditional activities affect each other. 
 
This paper describes AQUARIUS, a state-of-the-art computer model devoted to the 
temporal and spatial allocation of flows among competing water uses in a river basin. 
The model is dedicated to the analysis of increasingly complex water systems, systems 
that not only continue support of the traditional water uses, but also recognize 
nontraditional uses for environmental and recreational objectives. This paper provides a 
succinct description of the model and its capabilities.  A comprehensive description of the 
model is presented by Diaz et al. (2002). 
 



SESSION 10D - Remote Sensing and GIS I 
 

SATELLITE MICROWAVE REMOTE SENSING OF SOIL MOISTURE: 
CURRENT AND FUTURE DATA FOR HYDROLOGY  

 
Thomas J. Jackson, USDA ARS Hydrology and Remote Sensing Lab, Beltsville, MD 
    
Abstract:  Soil moisture has been difficult to measure and map using conventional ground 
based point sampling.  Wavelengths in the microwave portion of the spectrum respond to 
the amount of water present in the soil.  This feature makes microwave remote sensing 
particularly attractive in hydrologic and water resources studies.  Soil moisture retrieval 
using microwave remote sensing has been demonstrated using tower and aircraft 
instruments.  The translation of this approach to satellites and the implementation in 
hydrologic applications has been limited by both the technology and the satellite systems 
that were available. Recent developments in both science and associated technologies 
now make the exploitation of the microwave region for soil moisture mapping feasible.  
There are a number of new satellite missions scheduled for the next five years.  Passive 
systems provide frequent large scale coverage at coarse spatial resolution.  Active 
systems have high spatial resolution but poor temporal coverage. Tradeoffs must be 
carefully considered.  Daily soil moisture maps could contribute to a range of water 
resources applications such as establishing antecedent conditions for runoff prediction, 
irrigation management, and climate analysis.   
 



FLDVIEW: THE NWS FLOOD FORECAST MAPPING APPLICATION 
 

Neftali Cajina, Janice Sylvestre, Edward Henderson, Michael Logan, Michael 
Richardson, National Weather Service, NOAA, Silver Spring, Maryland 

 
Abstract:  The increased availability of high resolution spatial data and improved 
usability of geographic information system (GIS) software has helped move GIS  
applications from research to operational mode. The NWS FLDVIEW application is the 
National Weather Services’ flood forecast mapping application.  It was developed by the 
Office of Hydrologic Development using ESRI’s Arcview software with the 3-D Analyst 
and Spatial Analyst extensions.  With the appropriate GIS data and a water surface 
profile (deterministic or probabilistic) of the mapping area, FLDVIEW produces a binary 
raster of the areal extent of flooding.   This paper presents an overview of  FLDVIEW 
along with the results of it’s application to  the Juniata River in the vicinity of 
Lewistown, Pennsylvania. 
 



IMPLEMENTATION OF A REAL-TIME FLOOD MAPPING SYSTEM 
 IN HONDURAS 

 
Gerald N. Day, Michael Thiemann, Shaun K. Carney, James K. Burrell, Water 

Resources Engineers, Riverside Technology, inc., Fort Collins, Colorado 
 
Abstract:  As part of the Hurricane Mitch Reconstruction efforts, USAID (U.S. Agency 
for International Development) funded a NOAA (National Oceanic and Atmospheric 
Administration) project to develop and implement a flood forecasting system in 
Honduras.  The effort to develop and implement the flood forecasting system serves to 
help the advancement of flood warning capabilities, public safety, and water resources 
management in Honduras.  The project was a cooperative effort between NOAA, its 
contractors, and government agencies in Honduras.  The project was closely coordinated 
with efforts of the USGS (U.S. Geological Survey) in Honduras to install DCP’s (data 
collection platforms), to collect DEM (Digital Elevation Model) data, and to perform 
landslide and flood risk analyses.  RTi (Riverside Technology, inc.) was responsible for 
hydrometeorological data analysis, hydrologic model calibration, forecast system 
installation, system integration, and training. 
 
The forecasting system was implemented for the entire Rio Choluteca and for the Upper 
Rio Aguan.  The system includes a flood mapping component for the Rio Choluteca in 
Tegucigalpa to provide additional flood warning information for the capital city.  The 
flood mapping system utilizes technologies developed by NWS (National Weather 
Service), HEC (Hydrologic Engineering Center), and RTi.  It capitalizes on DEM data 
collection and flood risk analysis for Tegucigalpa that was performed by the USGS.  The 
system is based on RTi’s FloodWatch forecasting application.  As implemented in 
Honduras, FloodWatch receives real-time DCP data from a Sutron DRGS (direct readout 
ground station).  The application automatically generates a new forecast every 15-
minutes based on the latest pecipitation and stage data.  In addition, every 15-minutes a 
backwater analysis is performed for the current conditions and the forecasted peak 
conditions using HEC-RAS.  HEC-RAS has been incorporated as a model in FloodWatch 
to enable the seamless estimation of water levels for current and forecasted conditions.  
The water levels are provided to the NWS FLDVIEW application to enable Honduran 
agencies to view updated flood maps every 15-minutes.  Inundated areas can be displayed 
on shaded relief maps as well as orthophoto data provided by the Japanese.  FLDVIEW 
provides the standard ArcView capabilities for control of the displays. 
 
This project is an example of cooperation between federal agencies and the private sector 
to implement technologies that are useful in the U.S. and developing countries. 
 



HEC-GEORAS Version 3.1: 
GIS SUPPORT FOR HYDRAULIC MODELING AND ANALYSIS 

 
C. T. Ackerman, P.E., Hydraulic Engineer; and G. W. Brunner, P.E., Senior 

Technical Hydraulic Engineer, US Army Corps of Engineers, Davis, California 
 
Abstract:  HEC-GeoRAS is an ArcView GIS extension specifically designed to process 
geospatial data for use with the Hydrologic Engineering Center’s River Analysis System 
(HEC-RAS).  The extension allows users to create an HEC-RAS import file containing 
geometric attribute data from an existing digital terrain model (DTM) and 
complementary data sets.  Water surface profile and cross-sectional velocity results 
exported from HEC-RAS can be processed into flood inundation maps and depth and 
velocity grids.  
 
Because GeoRAS provides consistent, automated methods for generating geometric data 
and delineating floodplains within the visual environment of a GIS, it is a beneficial tool 
for assisting engineers with hydraulic analysis of river systems.  The resulting data can be 
used for refining hydraulic analysis results; inundation mapping; flood damage analysis; 
evaluating ecosystem restoration alternatives; and flood warning, response, and 
preparedness. 
 
This paper discusses the development of GeoRAS, presents its capabilities, addresses 
example applications, and emphasizes the advantages of using GeoRAS to assist in 
hydraulic analysis. 
 



HEC-GEOHMS VERSION 1.1: 
GIS SUPPORT FOR HYDROLOGIC MODELING AND ANALYSIS  

 
James H. Doan and Arlen D. Feldman,  Hydrologic Engineering Center, HEC,  

US Army Corps of Engineers, Davis, California   
 
Abstract:  The Geospatial Hydrologic Modeling Extension (HEC-GeoHMS) is a public-
domain software package for use with the ArcView Geographic Information System.  
GeoHMS uses ArcView and Spatial Analyst to develop a number of hydrologic modeling 
inputs.  Analyzing the digital terrain information, HEC-GeoHMS transforms the drainage 
paths and watershed boundaries into a hydrologic data structure that represents the 
watershed response to precipitation.  In addition to the hydrologic data structure, 
capabilities include the development of grid-based data for linear quasi-distributed runoff 
transformation (ModClark), HEC-HMS basin model, physical watershed and stream 
characteristics, and background map file.  GeoHMS is available for Windows 95/98/NT 
operating systems.  
 
The development of HEC-GeoHMS began with contracted research at the Center for 
Research in Water Resources at the University of Texas and continues now under a 
Cooperative Research and Development Agreement (CRADA) between HEC and ESRI.  
. 
 



SESSION 11A - Florida Ecosystems I 
 

OVERVIEW OF THE “TIDES AND INFLOWS IN THE MANGROVES OF THE 
EVERGLADES” (TIME) PROJECT OF THE U. S. GEOLOGICAL SURVEY’S 

SOUTH FLORIDA ECOSYSTEM PROGRAM  
 

Raymond W. Schaffranek, Harry L. Jenter, and Ami L. Riscassi, 
U.S. Geological Survey, Reston, Virginia 

 
Abstract:  The U.S. Geological Survey is contributing scientific findings and synthesized 
results from its South Florida Ecosystem Program toward development and 
implementation of the Comprehensive Everglades Restoration Plan.  Findings derived 
from hydrological and ecological studies and extensive data collected to monitor and 
characterize the Everglades ecosystem are being integrated into the development of 
numerical models to guide and evaluate restoration decisions.  A coupled surface-
water/groundwater hydrodynamic/transport model is being developed for the coastal 
marine and freshwater wetland ecosystems of Everglades National Park.  The multi-
dimensional model is facilitating the development of estuarine ecological models by 
providing insight into the nature and extent of saltwater/freshwater mixing in the land-
margin ecosystems that encompass the mangrove ecotone.  Dynamic salinity transport 
simulations are being designed and generated to test the development of estuarine 
indicator species models for use as performance measures to evaluate the effectiveness of 
restoration actions.  Projects contributing hydrologic process-study findings and data for 
development of the hydrodynamic/transport model are identified and the integration and 
use of the study results and data in the model are discussed in this paper. 
 
 



COUPLING ECOLOGICAL AND HYDROLOGIC MODELING: SICS AND 
ATLSS 

 
Jon Cline (The Institute for Environmental Modeling, Department of Ecology and 

Evolutionary Biology, University of Tennessee, Knoxville, TN 37996-1610) and Eric 
Swain (U S Geological Survey, 9100 NW 36th St. Miami, FL  33178) 

 
Abstract:  The U. S. Geological Survey has developed two separate models applicable to 
the southern Everglades. The Southern Inland and Coastal System (SICS) model is a 
hydrodynamic surface-water model modified for wetlands application, and was recently 
coupled to a ground-water model to account for leakage and salinity transfer. The Across 
Trophic Levels System Simulator (ATLSS) is a suite of ecological models that are 
designed to assess the impact of changes in hydrology on biotic components of the 
southern Florida ecosystem. 
ATLSS implements a multimodeling approach that utilizes process models for lower 
trophic levels, structured population models for middle trophic levels (fish and 
macroinvertebrates), and individual-based models for large consumers. ATLSS requires 
the hydrologic input to assess the effects of alternative proposed restoration scenarios on 
trophic structure. An ATLSS model (ALFISH) for functional fish groups in freshwater 
marshes in the Everglades of southern Florida has been extended to create a new model 
(ALFISHES) to evaluate the spatial and temporal patterns of fish density in the resident 
fish community of the Everglades mangrove zone of Florida Bay. Prior to the 
development of ALFISHES, the estuarine interface had been excluded from ATLSS due 
to the lack of reliable hydrologic information. 

The ALFISHES model combines field data assessing the impact of salinity on fish 
biomass with hydrologic data from the SICS model. The estuarine landscape is 
represented by a grid of 500 x 500-meter cells across the coastal areas of the Florida Bay. 
Each cell is divided into two habitat types; flats, which are flooded during the wet season, 
and creeks, which remain wet and serve as refugia during the dry season. Daily 
predictions of water level and salinity are obtained from the SICS model output, which is 
resampled at the 500-meter spatial resolution of the ALFISHES model. The fish spread 
out into the flats during flooded conditions. As the dry season approaches, cells dry out 
and the fish either retreat by moving into creeks, move to other spatial cells, or die if their 
cell dries out. The ALFISHES model incorporates an assumption based on field data that 
the productivity, expressed as the amount of lower trophic level biomass, is inversely 
correlated with salinity. The model output may be used to assess the impact of changes in 
hydrology on fish biomass and its availability to wading bird and other consumer 
populations. 

Calibration of the SICS/ALFISHES linkage requires hydrologic and ecological data 
sampled from the landscape. The primary means of evaluating the linkage is the 
comparison with hydrologic and drop-net data collected at three field sites in the Florida 
Bay mangrove zone. Both SICS and ALFISHES are evolving as data and calibration 
information becomes available for each. This makes their linkage change iteratively. 
With the development of restoration scenario capabilities in the SICS model, the 
SICS/ALFISHES coupling should prove an effective tool for evaluating the potential 
impact on the wading bird population in the Everglades mangrove zone. 



 



NUMERICAL SIMULATION OF INTEGRATED SURFACE-WATER/GROUND-
WATER FLOW AND SOLUTE TRANSPORT IN THE SOUTHERN 

EVERGLADES, FLORIDA 
 

Christian Langevin, Eric Swain, Melinda Wolfert 
U.S. Geological Survey, Miami, Florida 

 
Abstract:  A numerical model was developed for the southern Everglades in Florida to 
represent the response of flow and salinity patterns to hydrologic events and to evaluate 
the complex exchange of water and dissolved salt between the wetland, the estuary, and 
the underlying Biscayne aquifer.  The effort included the development of a coupled 
surface water and groundwater simulation code as well as application of the code to the 
southern Everglades hydrologic system.  A 22-month simulation was performed with the 
integrated code to represent the period from August 1996 to June 1998.  The integrated 
model was calibrated by matching surface water stages, coastal creek flows and salinities, 
and groundwater heads and salinities.  Results from the model suggest that exchange of 
fluid and salt between surface water and groundwater is spatially and temporally variable.  
Results also suggest an alternating pattern of downward and upward leakage from north 
to south.  Averages of the downward simulated leakage rates and the upward simulated 
leakage rates are –20 and 30 centimeters per year, respectively.  These complex leakage 
patterns contribute to the overall salinity distribution in the surface-water regime and 
aquifer system and are required for accurate simulation of flow and transport in the study 
area.  Model results indicate that surface water and groundwater interactions may be an 
important component of the water budget for the Taylor Slough area, although, rainfall 
and evapotranspiration are probably the dominant components. 
 



EVAPOTRANSPIRATION RATES FROM TWO DIFFERENT SAWGRASS 
COMMUNITIES IN SOUTH FLORIDA DURING DROUGHT CONDITIONS 

 
Ed German and David Sumner, USGS, Orlando, FL 

 
Abstract:  Evaporation and plant transpiration (ET) are significant components of the 
water budget in south Florida.  Water loss through ET can exceed rainfall during dry 
years.  Recent advances in instrumentation and measurement techniques have made it 
possible to develop a better understanding of ET processes and to quantify ET rates.  ET 
rates at two sites vegetated primarily by sawgrass, one near Vero Beach in the St. Johns 
River floodplain and the other in the southern Everglades of Everglades National Park, 
yield significantly different ET rates during drought conditions.   
 
The site near Vero Beach has dense sawgrass in a thick peat soil.  At this site, the ET 
fraction, which is the ratio of latent heat (the energy equivalent of ET) to the sum of 
latent heat and sensible heat (convective heat transport), was affected little by the change 
in water level even when the water level was nearly 3 feet below land surface.  The site in 
Everglades National Park has a relatively sparse rush/sawgrass community in a thin marl 
soil.  At this site, the ET fraction decreased markedly as the water level dropped to about 
1.5 feet below land surface.  
 
 The difference in the relation of ET fraction to water level at the two sites probably is 
due to the different water-transporting and water-retention characteristics of the soils, and 
possibly to a difference in root depths.  The peat soil may be able to provide moisture for 
ET more readily than the marl soil under drought conditions. Likewise, a deeper root 
system in the peat soil may enhance ET under drought conditions.  Additional research to 
characterize root depths and soil properties, including water-retention capacity, at the two 
sites will aid in determining which factors are responsible for the different ET fractions. 
 



SESSION 11B - Runoff Estimations Using Curve Numbers 
 

CURVE NUMBER METHOD: ORIGINS, 
APPLICATIONS, AND LIMITATIONS 

 
Donald E. Woodward, National Hydrologist (retired), USDA, NRCS, Washington 

DC; Richard H.  Hawkins, Professor, University of Arizona, Tucson; Allen T. 
Hjelmfelt, Jr., USDA, ARS, Columbia, Missouri; J.A.VanMullem, USDA, NRCS, 
(retired) Bozeman, Montana; Quan D. Quan, Hydraulic Engineer, USDA NRCS, 

MD 
 
Abstract: The Curve Number method of estimating rainfall excess from rainfall depth is 
widely used in applied hydrology.  Its development is given in an historical perspective, 
outlining the basic hydrologic assumptions, intended applications, original databases and 
the acknowledged limitations.  Current usage is in three distinct non-congruent modes.  
The Curve Number’s peculiar role in general hydrology is discussed and some cautions 
are given.  Current handbook updating activities are discussed. 



 
RUNOFF CURVE NUMBER METHOD: 

BEYOND THE HANDBOOK 
 

J.A.VanMullem, USDA, NRCS, (retired) Bozeman, Montana ; Donald E. 
Woodward, National Hydrologist (retired), USDA, NRCS, Washington DC; 

Richard H.  Hawkins, Professor, University of Arizona, Tucson; 
Allen T. Hjelmfelt, Jr., USDA, ARS, Columbia, Missouri; 

 
Abstract:  The behavior of rainfall-runoff systems in terms of the Curve Number method 
is described, including findings that have become apparent and/or appreciated since the 
original development in the mid-1950s; not all of which are shown in current versions of 
the primary reference, NEH-4.  These include the following:  different modes of 
application of the method; basic general patterns of rainfall-runoff at variance with the 
CN equation; sensitivity information; the basic intractability of the method with 
infiltration-based systems; limitations in the role of prior rainfall; difficulties in the 
hydrologic descriptions of soils; CN variation with season and land use; and wide spread 
application to continuous models as a soil moisture budgeting device. 
 



 
 

RUNOFF CURVE NUMBER METHOD:   
EXAMINATION OF THE INITIAL ABSTRACTION RATIO 

 
Richard H.  Hawkins, Professor, University of Arizona, Tucson   

Ruuiyun Jiang,  Research Associate, University of Arizona, Tucson   
Donald E. Woodward, National Hydrologist (retired), USDA, NRCS, Washington 

DC; Allen T. Hjelmfelt, Jr., USDA, ARS, Columbia, Missouri;  
J.A VanMullem, USDA, NRCS, (retired) Bozeman, Montana 

 
Abstract:  The Initial Abstraction ratio (Ia/S, or λ) in the Curve Number (CN) method 
was assumed in its original development to have a value of 0.20. Using event rainfall-
runoff data from several hundred plots this assumption is investigated, and λ values 
determined by two different methods. Results indicate a λ value of about 0.05 gives a 
better fit to the data and would be more appropriate for use in runoff calculations. The 
effects of this change are shown in terms of calculated runoff depth and hydrograph 
peaks, CN definition, and in soil moisture accounting. The effect of using λ=0.05 in place 
of the customary 0.20 is felt mainly in calculations that involve either lower rainfall 
depths or lower CNs. 
 
 



 
 

RAINFALL-RUNOFF BY CURVE NUMBERS: 
DOES IT WORK?  IS IT SCIENCE? 

 
RICHARD H.  HAWKINS, PROFESSOR, UNIVERSITY OF ARIZONA, 

TUCSON;  
DONALD E. WOODWARD, NATIONAL HYDROLOGIST (RETIRED), USDA, 

NRCS, WASHINGTON DC; ALLEN T. HJELMFELT, JR., USDA, ARS, 
COLUMBIA, MISSOURI; 

J.A.VANMULLEM, USDA, NRCS, (RETIRED) BOZEMAN, MONTANA 
 
Abstract:  The widely-used Curve Number method is critically examined in light of its 
performance (does it “work”?), and its primary foundations (is it science?).  The 
performance issue is approached by considering ease of application, availability of 
coefficients and other input data, ability to match results with field observations, history 
of application and popularity, and administrative usefulness. Its “scientific basis is 
examined through via: 1) comparison and analogy with other hydrologic tools held in 
scientific respect; 2) treatment as a series of hypotheses and examining them in the light 
of field data; and 3) examination of general rainfall-runoff hydrology problems which 
have been approached or illuminated via its usage.       



SESSION 11C - Remote Sensing/GIS II 
 
 

THE EVOLUTION OF GIS BASED HYDRAULIC/HYDROLOGIC MODEL 
INTEGRATION AND OBJECT ORIENTED MODEL INTERFACE 

 DESIGN AT THE U.S. BUREAU OF RECLAMATION 
 
Thomas Heinzer, Chemical Engineer, GIS Developer, U.S. Bureau of Reclamation, 

Sacramento, California; Michael Sebhat, Electrical Engineer, MPGIS Manager, 
U.S. Bureau of Reclamation, Sacramento, California; and Bruce Feinberg, 

Hydraulic Engineer, GIS Analyst, U.S. Bureau of Reclamation, Denver, Colorado 
  
Abstract: This paper initially examines historical hydrodynamic/hydrologic modeling 
efforts at the U.S. Bureau of Reclamation (Reclamation) that incorporate Geographic 
Information Systems (GIS) interfaces utilizing pre-COM (Component Object Modeling) 
environment technology. Relevant model integration techniques from a spatial analysis 
viewpoint are presented.  Examples of methods and results are viewable via hyper-linked 
images and animations. 
 
The implementation of COM architecture within commercial GIS software suites enables 
geo-spatial features to be modeled as geometric objects. Reclamation is exploring the use 
of these objects in conceptual model development and GIS interface design.  
 
Focus will turn toward two projects where we are using ArcObjects1 Technology 
(Environmental Systems Research Institute, ESRI) to facilitate modeling. 
 
A joint effort between Reclamation and the State of California Department of Water 
Resources (DWR) has resulted in a new state operational planning model (California 
Simulation Model, CALSIM). Reclamation is taking the lead on the GIS based interface 
design on this project. The use of Geometric Networks to construct models, along with 
Active X embedding within a GIS environment are discussed. Results are 
presented/demonstrated. 
 
Reclamation has developed an ArcObjects based interface to the Danish Hydraulic 
Institute's (DHI) Mike11 model. Interesting aspects of the interface are explored, such as 
the advantages of representing solution surfaces as geometric objects and component 
architecture in general. 
 
In conclusion, we present the evolution of GIS based model interface design at 
Reclamation, and give current examples where the new ArcObjects technology is being 
applied in interagency modeling efforts. A projection of where this technology may lead 
us is put forth, including the design of custom geometric objects and their applicability. 
 
. 
                                                 
1 ArcObjects is a large collection of COM components designed by ESRI. These components are used to 
build GIS applications, including their primary user interfaces. 



 



 
METHODS AND TOOLS FOR THE DEVELOPMENT OF HYDROLOGICALLY 

CONDITIONED ELEVATION DATA AND DERIVATIVES FOR NATIONAL 
APPLICATIONS 

 
Jay R. Kost; Kristine L. Verdin; and Bruce B. Worstell, Raytheon ITSS, 

U.S. Geological Survey, EROS Data Center, Sioux Falls, South Dakota; and Glenn 
G. Kelly, U.S. Geological Survey, EROS Data Center, Sioux Falls, South Dakota 

 
Abstract:  The National Elevation Dataset (NED) contains the best publicly available 
elevation data merged into a seamless dataset for the entire United States.  In some cases 
these data contain unwanted artifacts, limiting the quality of standard hydrologic 
derivatives.  The Elevation Derivatives for National Applications (EDNA) project is an 
interagency effort with the goal of developing a more hydrologically correct version of 
the NED.  This improved NED will be used in the systematic derivation of standard 
hydrologic derivatives.  Methods and tools have recently been developed to facilitate the 
semiautomatic creation of a hydrologically conditioned NED and hydrologically 
improved derivatives. 
 



FILTERING LIDAR DIGITAL ELEVATION DATA  
FOR HYDRAULIC MODELING AND FLOOD PLAIN DELINEATION 

 
E. James Nelson, Asst. Prof., Dept. of Civil & Environmental Engineering; Alan K. 
Zundel, Asst. Prof., Dept. of Civil & Environmental Engineering; and Creighton R. 

Omer, Graduate Research Assistant 
Brigham Young University, Provo, Utah 

 

Abstract:  The best digital elevation resolution commonly available is the USGS digital 
elevation models (DEMs) at 30 meters, with 10-meter resolution data available in limited 
areas.  The adequacy of this resolution (and furthermore the procedure by which these 
datasets were created) is questionable for the purpose of flood plain delineation and the 
hydraulic modeling that precedes it.  New data collection methods, including Light 
Detection and Ranging (LIDAR) promise to improve on the current standard and reduce 
the cost of high-accuracy elevation data.  In fact many pilot studies have been done 
showing great promise with the use of LIDAR data for hydraulic modeling and flood 
plain mapping.  However, with the increased accuracy of high-resolution digital elevation 
models comes the increased burden of computation and data storage.  The need for high 
accuracy digital elevation data for hydraulic and flood plain modeling is not answered 
necessarily by more data, but rather by having data where we need it.  The technology 
used in LIDAR does not seek to find the best elevation points (i.e. breaks in slopes, 
peaks, valleys, etc.). Instead it collects data at a high density everywhere in order to 
insure that all of the important elevation points are represented.  Analogous to this 
approach for collecting elevation data would be to send a surveyor out and asking 
him/her to collect elevations at 1 foot intervals to insure that all of the important features 
are captured.  Appropriate techniques can be used to filter from the dense set of LIDAR 
data points those points that provide little or no information about the topography.  By 
filtering the data in this manner the number of points used to define a cross section for a 
hydrologic model, or to automatically delineate a flood plain from the results of the 
hydraulic model can be dramatically reduced, thereby shortening computation time. 
 
This paper seeks to present methods for significantly filtering high resolution, high-
accuracy elevation data without affecting the results of hydraulic model and flood plain 
delineation developed from the elevation data.  A series of digital terrain models with 
varying degrees of data reduction were created from original LIDAR data.  Each was 
then used to cut cross sections for a hydraulic model. These cross sections, together with 
other model parameters such as roughness were used to generate water surface elevations 
for multiple flow rates representing a range of flow conditions.  Results from the 
hydraulic model were then mapped back to the digital elevation model and used to 
compute flood depths and boundaries.  The results indicate the degree of data reduction 
possible without loss of accuracy in the models. 
 



              ARC-VIEW GIS INTERFACE FOR THE AGRICULTURAL  
                  NON-POINT SOURCE POLLUTANT MODEL (AGNPS) 

 
Su Huei Liu, Physical Scientist, U.S. Dept. of Agriculture, NRCS, Fort Worth, 
Texas; and William H. Merkel, Hydraulic Engineer, U.S. Dept. of Agriculture, 

NRCS, Beltsville, Maryland 
  
Abstract: The United States Department of Agriculture, Natural Resources Conservation 
Service (NRCS) is active in promoting environmental improvement through wise 
management of soil, water, animal, and plant resources. 
 
The Agricultural Non-Point Source Pollutant Model system (AGNPS) was developed by 
Agricultural Research Service (ARS) and NRCS scientists and engineers.  It predicts soil 
erosion and nutrient transport/loading from agricultural watersheds for real or 
hypothetical storms.  The model computes a continuous long-term water balance with a 
daily time step.  Erosion modeling is built upon RUSLE applied on a storm basis.  The 
hydrology is based on the Soil Conservation Service Curve Number technique. 
 
The model may be applied to a watershed, which is divided into smaller spatial elements. 
Each element requires parameters (coefficients) to describe its physical characteristics 
(e.g. soil type and slope steepness) and management practices. 
 
A Geographic Information System (GIS) offers a good means of collecting and 
manipulating data required by the AnnGNPS model.  An ArcView Interface was 
developed to automatically estimate most of the data required by the AnnGNPS model.  
These data were generated from three main sources (files): 1) Digital Elevation Model 
(DEM) data from the USGS, 2) digital soil mapping units from the Soil Surveys, and 3) 
digital land cover/use.  The output generated by the model then can be graphically 
displayed using ArcView GIS, to reveal the locations containing the specific soils/land 
cover of the estimated vulnerability ranking. 
 



SESSION 11D - Case Studies Of Interagency Cooperation In 
Hydrologic Modeling 
 
 

 APPLICATION OF A DISTRIBUTED, PHYSICALLY BASED HYDROLOGIC 
MODEL TO IMPROVE STREAMFLOW FORECASTS IN THE UPPER PART 

OF THE TRUCKEE RIVER BASIN, CALIFORNIA AND NEVADA 
 

Douglas P. Boyle, Desert Research Institute, Reno, NV, Anne E. Jeton, US 
Geological Survey, Cason City, NV, Joseph R. McConnell, Desert Research 

Institute, Reno, NV and Gregg W. Lamorey, Desert Research Institute, Reno, NV 
 

Abstract:   As part of the Truckee-Carson Program (TCP) of the US Geological Survey 
(USGS), a modeling system to support water-resource planning and management was 
developed by the Nevada District USGS office.  The USGS’s Precipitation Runoff 
Modeling System (PRMS) within the Modular Modeling System (MMS) model building 
framework, was used to simulate streamflow from seven gaged sub-basins, six reservoir 
catchments and three ungaged areas in the upper Truckee River Basin.  A detailed 
description of this effort is available in the USGS Water-Resources Investigations Report 
99-4282, by A.E. Jeton, 2000. 
 
The US Bureau of Reclamation (USBR) intends to use the MMS-PRMS model of the 
upper Truckee River Basin in real-time applications as part of the Watershed and River 
Systems Management Program (WaRSMP).  This prompted the need to revise the 
existing MMS-PRMS model as follows:  1) Re-delineate the subbasins and associated 
Hydrologic Response Units (HRUs) using the USGS Geographic Information System 
(GIS) Weasel Software, and 2) apply the version of PRMS known as XYZ-PRMS over 
the TCP study area.  The motivation for the first model revision was primarily to provide 
more uniformity among the WaRSMP study basins.  The second model revision was 
required to address climate data issues related to missing data, future changes in climate 
monitoring network (only a small number of climate stations used in the original TCP 
study are currently telemetered) and developing linkages to telemetered databases. 
 
In this study, the revised XYZ-PRMS model was applied to the upper Truckee River 
basin to make real-time streamflow forecasts at 12 nodes during the spring 2002 runoff 
season.  Both short term (1-2 months) and seasonal (3 or more months) forecasts of 
streamflow were made for each study watershed using the modified version of the US 
National Weather Service’s Extended Streamflow Prediction (ESP) program available 
within the MMS framework.  The work represents a highly collaborative effort between 
researchers at the Desert Research Institute and the USGS as part of the initial 
Sustainability of semi-Arid Hydrology and Riparian Areas (SAHRA) goals to improve 
models of snow distribution and snowmelt processes. 
 



AN EVALUATION OF REAL-TIME STREAMFLOW FORECASTS FROM A 
DISTRIBUTED, PHYSICALLY BASED HYDROLOGIC MODEL APPLIED IN 

THE UPPER RIO GRANDE BASIN 
 

Teri A Gorham, Douglas P. Boyle, Joseph R. McConnell, Gregg W. Lamorey, 
Desert Research Institute, Reno, NV  and  Steve Markstrom, Roland Viger, George 

Leavesley, US Geological Survey, Denver, CO 
 
Abstract:  Approximately two-thirds of the runoff in the Rio Grande begins as seasonal 
snowpack in the headwaters above the USGS stream gaging stations at several points 
(nodes) above Albuquerque, New Mexico.  Resource managers in the Rio Grande basin 
rely on accurate short and long term forecasts of water availability and flow at these 
nodes to make important decisions aimed at achieving a balance among many different 
and competing water uses such as municipal, fish and wildlife, agricultural and water 
quality.  In this study, a distributed, physically based hydrologic model is used to make 
real-time streamflow forecasts (both short and long term) at seven of these nodes.  
Specifically, snow distribution and surface runoff are estimated using a combination of 
the USGS Modular Modeling System (MMS), GIS Weasel, Precipitation-Runoff 
Modeling System (PRMS) and XYZ snow distribution model.  A post-forecast evaluation 
of the real-time streamflow forecasts is made via comparisons with forecasts made using 
existing procedures developed by Upper Rio Grande Water Operations Model 
(URGWOM) water resource managers.   The work represents a highly collaborative 
effort between researchers at the Desert Research Institute, the USGS, the USBR and the 
USACE as part of the URGWOM and initial Sustainability of semi-Arid Hydrology and 
Riparian Areas (SAHRA) goals to improve models of snow distribution and snowmelt 
processes. 
 
 
 



WATERSHED AND RIVER SYSTEMS MANAGEMENT PROGRAM--
ASSESSMENT OF RUNOFF 

FORECASTS FOR THE YAKIMA PROJECT, WASHINGTON 
 

M. Mastin, U.S. Geological Survey, Tacoma, WA; C. Lynch, U.S. Bureau of 
Reclamation, Yakima,WA;W. Sharp, U.S. Bureau of Reclamation, Yakima,WA; J. 

Vaccaro, U.S. Geological Survey, Tacoma, WA 
 
Abstract: The U.S. Geological Survey and the U.S. Bureau of Reclamation are 
collaborating on a long-term program, the Watershed and River Systems Management 
Program.  The goals are (1) to couple watershed and river-reach models that simulate 
runoff and streamflow with river and reservoir-management models that account for 
water availability and use, and (2) to apply the coupled models to U.S. Bureau of 
Reclamation projects in the western United States.   
 
 The program has been applied to the U.S. Bureau of Reclamation’s Yakima Project in 
central Washington, to aid in the management and allocation of water resources for 
irrigation and instream flows.  The coupling of watershed and river-reach models 
constructed with the U.S. Geological Survey’s Modular Modeling System (MMS) and a 
river and reservoir-management model (Riverware) is made with a common hydrologic 
database (HDB). MMS is an integrated software system that provides a framework to 
combine the appropriate process algorithms or modules into a custom model  to simulate 
a variety of water, energy, and biogeochemical processes.  Riverware is an interactive 
object-oriented model that can be operated at daily-to-monthly time steps to manage 
water resources.  
 
An assessment of forecasts of runoff volumes for the runoff season for water years 1956 
through 2001 showed the variability of forecast accuracy that can be expected with 
forecasts of the runoff season made at weekly intervals from January through March.  
Comparisons of the 50-percent exceedance probability forecasts of runoff volumes with 
estimates of unregulated runoff volumes from observed runoff showed large variability in 
the accuracy of forecasts made early in the year and decreasing variances with forecasts 
made later in the year.  A bias to over- or under-forecast runoff volumes was similar to 
the bias found during the calibration of the watershed models.  Exceedance-probability 
forecasts that most closely predicted actual unregulated runoff showed a non-uniform 
distribution.  Some sites are more likely to correctly forecast runoff volumes with 
forecasts that are less than the 50-percent exceedance probability forecast, while others 
are more likely to correctly forecast runoff volumes with forecasts that are more than the 
50-percent exceedance-probability forecast.   
 
 



MODELING WATER OPERATIONS ON THE RIO GRANDE IN NEW MEXICO 
 

Mark Yuska, U.S. Army Corps of Engineers, Albuquerque, New Mexico 
 
Abstract:  Modeling the reservoirs on the Rio Grande requires understanding that can be 
classified in three areas: Physical Hydrology; Operational Rules and Accounting; and 
Forecasting.  The Upper Rio Grande Water Operations Model tackles all three, based 
upon the development of substantial data and model-calibration, and of other models 
particularly in groundwater and in forecasting.  The physical hydrology may be viewed as 
the most fundamental aspect of URGWOM modeling.  It represents how water flows, is 
gained, and lost through the river/reservoir system.   Some simplification is needed due to 
the relative lack of data compared to the complex system of surface-water and 
groundwater.  Nevertheless, we attempt to cover all significant effects to gain as much 
accuracy as possible. 
 
Secondarily, the accounting of multiple water designations and the replication of release 
and storage decisions are significant pieces of the puzzle.  Although much better 
understood than physical hydrology, these technicalities still consume a substantial 
amount of the developmental effort.  These measured and controlled rules and methods 
deal with the complexities, ambiguities, and sometimes conflicts of a legal, interpretive, 
administrative, and engineering-based operations plan. 
 
Thirdly, forecasting is the science (or magic?) of the supply to the system upon which 
modeled water operations and management depend.  Certainly the least predictable and 
understood of the three, we cannot hope for much resolution and accuracy beyond a few 
days, yet there are some predictable aspects including snowmelt runoff volume and short-
term rainfall expectations, that can help.  URGWOM has traditionally used a simplistic 
and consistent snowmelt runoff volume forecast provided by NRCS and NWS, but has 
recently linked to the more sophisticated Modular Modeling System (MMS) developed 
by USGS.  This new system is much more physically based, and promises to significantly 
improve both snowmelt and rainfall runoff predictions. 
 
This presentation briefly examines the complete predictive water operations modeling by 
URGWOM's suite of models, and examines how forecast modeling is used and the 
relative performances of the two methods. 
 



SESSION 12A - Florida Ecosystems II 
 

 A HIGH RESOLUTION PRECIPITATION DATA BASE FOR FLORIDA 
 

Henry E. Fuelberg, Gregory S. Quina, and Bryan A. Mroczka, Florida State 
University, Tallahassee, Florida; Richard J. Lanier, National Weather Service, 

Tallahassee, Florida; Judith S. Bradberry, NWS Southeast River Forecast Center, 
Peachtree City, Georgia; Jay P. Breidenbach, National Weather Service, Boise, 

Idaho 
 

Abstract: Florida State University is preparing a high resolution historical database of 
precipitation for watersheds within Florida.  This database will be useful for hydrologic 
modeling and for establishing the characteristics of precipitation over the State.  The data 
period will be from 1996 to the present, with a horizontal resolution of 4 km and a 
temporal resolution of 1 hour.  During the first phase of the project, we have focussed on 
the St. Johns River Basin for the year beginning 1 October 1997. Later phases will 
examine the entire State and the full period of data. We are utilizing software developed 
by the National Weather Service (NWS) for their River Forecast Centers, called the RFC-
wide Multisensor Precipitation Estimator. The procedure merges hourly gauge data with 
digital precipitation data from NWS radars.  
 



APPLICATION OF THE EVERGLADES AGRO-HYDROLOGY COMPUTER 
MODEL (EAHM) ON SOUTH FLORIDA FARM FIELDS 

 
M. R. Savabi and D. Shinde, Research Hydrologist, and Soil Scientist, 

USD-ARS, SHRS, Miami, FL; D. Flanagan,Agricultural Engineer, USDA-ARS, 
NSERL, West Lafayette, IN and J. Arnold, Agricultural Engineer, USDA-ARS, 

Temple, TX. 
 
Abstract:  Non-point source water pollutants resulting from agricultural areas have been 
implicated as a source of water quality degradation in South Florida. The nutrients 
loading from agricultural and urban areas have increased nutrient concentrations, 
particularly phosphorus at the Everglades National Park. It is reported that nutrient-
enriched waters affect vegetation type and patterns. The implementation of the 
Comprehensive Everglades Restoration Plan to increase water flow to the Everglades 
National Park and Florida Bay may elevate the water table in parts of Miami-Dade 
County, Florida. This will increase spatial and temporal flooding and will have an 
adverse effect on the agricultural production and water quality of the region during the 
wet season (May-August). A computer model, USDA-Everglades- Agro-Hydrology 
Model (EAHM) has been developed to evaluate the impact of agricultural practices on 
the crop production, water balance and water quality of the region. The EAH model 
algorithms and the result of the model evaluation for the South Florida farm fields will be 
presented. 
 



SIMULATION OF EFFECTS OF CHANGES IN FRESHWATER INFLOW ON 
SALINITY DISTRIBUTIONS: 

SUWANNEE RIVER ESTUARY, FLORIDA 
 

Jerad Bales, U.S. Geological Survey, Raleigh, North Carolina 
Gina Tillis, National Weather Service, Slidell, Louisiana 

 
Abstract:  The 25,000 km2 Suwannee River Basin extends from the Okefenokee Swamp 
in Georgia to the Gulf of Mexico in northwest Florida.  As mandated by Florida State 
law, the Suwannee River Water Management District (SRWMD) is establishing 
minimum flows and water levels (MFLs) for the lower 75 km of the river.  (Florida 
Statutes define a minimum flow as the flow at which further withdrawals would 
significantly harm the water resources or ecology of the area.) The U.S. Geological 
Survey, in cooperation with the SRWMD, conducted three inter-related studies to provide 
information that can be used in establishing the MFLs.  The studies included 
determination of the effects of ground-water withdrawals on river flows; quantification of 
the effects of reduced freshwater flows on the forested floodplain; and simulation of the 
effects of changes in freshwater flow on the salinity distribution in the Suwannee River 
estuary, which is described in this paper.   
 
The study area includes the downstream most 10 kilometers of the Suwannee River and a 
portion of the Gulf of Mexico into which the river drains.   Because of relatively high 
freshwater flows (mean flow of about 300 m3/sec) and low tides (less than one meter), 
saltwater seldom extends more than 10 km upstream from the mouth of the Suwannee.   
 
An intensive data collection effort was conducted during October 1998 – September 2000 
in order to provide data for construction and testing of a flow and salt transport model.  
The study period corresponded with a time of extended drought, when flows in many 
streams n the area were at their lowest levels in 50 years.  Data included continuous 
measurements of water level at 5 sites; discharge at 3 locations; wind speed and direction 
at 1 site, and top and bottom salinity at 6 locations.  Vertical profiles of salinity were 
measured more than 50 different times at each of 15 sites.   Discharge was measured at 
about 18 locations in the study area during two separate 3-day periods; more than 800 
individual measurements were made during these periods.  
 
A three-dimensional unsteady hydrodynamic and transport model, the Environmental 
Fluid Dynamic Code (EFDC), is being used to simulate salinity distributions in the 
Suwannee River estuary and the nearby Gulf of Mexico.  The model includes the 
capability to predict time-varying water level, currents, and salinity on a finite-difference 
grid. The grid was developed using a combination of existing Gulf of Mexico bathymetry 
and new measurements of channel geometry in the Suwannee River.  Model boundary 
conditions include a time history of Suwannee River inflow, estimated spring discharge, 
Gulf of Mexico tidal harmonics, a constant salinity in the Gulf and zero salinity in the 
river, and meteorological conditions.  The model was calibrated and tested by statistically 
comparing measured and predicted values of water levels, currents, discharge, and 
salinity.  As a part of model testing, information was generated on the accuracy with 



which the model can be expected to predict the location of selected isohalines for varying 
freshwater flows.  The relation between freshwater flow and salinity characteristics in the 
Suwannee was quantified by applying the model to a selected set of boundary (inflow, 
meteorological, and Gulf) conditions. 
 
 



AN INTEGRATED MODELING APPROACH FOR  
COASTAL ECOSYSTEMS RESTORATION  

 
Yongshan Wan, Senior Engineer; Ken Konyha, Lead Engineer; 

Shawn Sculley, Division Director  
Coastal Ecosystems Division, South Florida Water Management District, 

West Palm Beach, Florida  
 
Abstract: The ecosystem of the St. Lucie Estuary (SLE), located on the east coast of 
south Florida, has been greatly influenced by the development of an intricate network of 
drainage canals in the tributary watershed.  The South Florida Water Management 
District (SFWMD) and the United States Army Corps of Engineers (USCOE) have 
developed a plan to rehabilitate the impacted ecosystem.  The plan focuses on hydrologic 
restoration to the pre-drained or natural hydrologic characteristics in the watershed to aid 
the recovery and protection of salinity sensitive biota in the estuary.  To achieve this goal, 
a suite of models dealing with watershed hydrology, reservoir optimization, estuary 
salinity and oyster stress was applied. A 31-year simulation period (1965-1995) was 
selected to ensure that a wide range of climatic conditions was included.  The restoration 
efforts centered on applying the Natural Systems Model (NSM), which simulates the 
hydrologic response of the pre-drained watershed to recent climatic conditions.  The 
NSM modeling results were used as the basis for establishing the hydrologic restoration 
target, sizing reservoirs, and justifying flow transfers between basins within the 
watershed.  The Hydrologic Simulation Program - Fortran (HSPF) was used to simulate 
the hydrology of the present and future conditions.  A genetic algorithm based 
optimization model (OPTI), coupled with HSPF, was used to size the storage reservoirs 
and generate operational rules that govern water release to the SLE.  Finally, an estuary 
salinity model and an oyster stress model were used to develop a numerical performance 
measure to evaluate the effectiveness of the project on estuarine ecosystem restoration. 
 



SESSION 12B - California Central Valley Modeling Topics 
 
 

CALSIM: A GENERALIZED MODELING TOOL FOR COMPLEX  
RESERVOIR SYSTEM OPERATIONS SIMULATION 

 
Sushil Arora, Andy Draper and Francis Chung 

California State Department of Water Resources, Sacramento, CA 
 
Abstract:  Since the dawn of Central Valley Project Improvement Act of 1992; and the 
establishment of CALFED Bay-Delta program in 1995 - a flexible, state-of-the-art, user- 
friendly Reservoir System Operations modeling tool has been sought by the concerned 
stakeholders interested in the management of California State Central Valley Water 
Resource System. In 1997, California State Department of Water Resources, in 
cooperation with United States Bureau of reclamation mid- pacific region, embarked on 
developing a next generation modeling tool for the planning and management of the State 
owned and operated State Water Project, and federally owned and operated Central 
Valley Project.  
 
Development of CALSIM, a new generation general purpose Reservoir System 
Operations modeling tool, was completed in 2000. CALSIM enables users to quickly 
develop system representation and specify operational criteria. CALSIM represents a 
fundamental change in the modeling approach; it separates “what”, the goals of the 
system, from “how”, the problem solution procedure.  Model users now specify the 
system objectives and constraints as input to the model, rather than embedding the 
simulation goals and logic in myriad of procedural code as is common in traditional 
simulation models. While CALSIM is not a prescriptive optimization model, it utilizes 
optimization techniques to efficiently route water through a network given user-defined 
priority weights. A linear programming (LP)/mixed integer linear programming (MILP) 
solver determines an optimal set of decisions for each time period given a set of weights 
and system constraints. The physical description of the system is expressed through a 
user-interface with tables outlining the system characteristics. The priority weights and 
basic constraints are also entered in the system tables. A new modeling language, Water 
Resources Engineering Simulation Language (WRESL), has been developed to serve as 
an interface between the user and the LP/MILP solver, time-series database, and 
relational database. Specialized operating criteria are expressed in WRESL. The WRESL 
expressions are compartmentalized to provide for a highly organized arrangement of 
logical units and to serve as self-documenting modules. CALSIM’s point-and-click 
graphical user interface facilitates model-input building, execution, model output 
retrieval and analysis for reporting results. The structure of the CALSIM engine is highly 
generic, such that the model can be applied to any water resource systems anywhere. This 
paper presents the salient features of the generalized reservoir system operations 
modeling tool. A second accompanying paper will present details on the application of 
CALSIM generalized modeling tool to the California’s State Water Project and Central 
Valley Project system 
  



 



 
ANALYSIS OF POTENTIAL HYDROMETEOROLOGICAL RESPONSES TO 

CLIMATE CHANGE WITHIN THE SAN JOAQUIN RIVER BASIN (SJRB) 
 

Kathy E. Bashford and Norman L. Miller, California Water Resources Research 
and Aplications Center, Berkeley National Laboratory; Eric Strem, California-

Nevada River Forecast Center, National Weather Service, NOAA 
 
Abstract:  The California Water Resources Research and Applications Center (NASA, 
DOE) and the California/Nevada River Forecast Center (NOAA) collaborated to study 
potential hydrologic impacts of climate change in California. Data representing climate 
change projections were input to the NWS calibrated versions of the NOAA NWS 
Sacramento Soil Moisture Accounting Model with the Anderson Snow Model with the 
aim of assessing the potential impacts on water resources. The application area was 6 
subcatchments of the Sacramento - San Joaquin drainage extending from the northwest 
and northern Sierra Nevada region to the southern Sierra Nevada region. 
 
One relatively warm and wet projection ensemble member (1) from the HadCM2 (Hadley 
Centre Climate Model Version 2), and one relatively cool and dry projection ensemble 
member (B06.06) from the PCM (DOE NCAR Accelerated Climate Prediction Initiative 
Parallel Climate Model) were used in this study to encompass the range of potential 
impacts. Statistically downscaled output from the two AOGCM baseline (1961-1990) and 
projection (1994-2100) model runs were used to calculate the average monthly changes 
in precipitation (ratio) and temperature (absolute) for 3 projected periods relative to the 
baseline.  These monthly changes were imposed onto the historical precipitation and 
temperature time series and used as input forcing to the hydrologic simulations.  The 
projected periods were selected to represent mean 2025 (2010-2039), 2065 (2050-2079), 
and 2090(2080-2099) projected climate change. 
 
Simulated ranges of changes in streamflow amount and timing, annual peakflow, snow 
relative to elevation, and the likelihood of extreme events are discussed. The resulting 
streamflow changes were used as input to water demand and agro-ecomonic models for a 
comprehensive set of San Joaquin River Basin subcatchments by assuming similar 
response sub-regions. 



THE DEVELOPMENT OF HYDROLOGIC MODELS USING HEC-HMS 
 FOR THE SACRAMENTO AND SAN JOAQUIN RIVER BASINS 

COMPREHENSIVE STUDY 
 

Christopher Dunn, Chief, Water Resource Systems Division, Hydrologic 
Engineering Center, Davis, CA; Robert Collins, District Hydrologist, U.S. Army 

Corps of Engineers, Sacramento District, Sacramento, CA 
 
Abstract   The U.S. Army Corps of Engineer’s Hydrologic Engineering Center (HEC), 
with the Sacramento District, developed thirty-three hydrologic models for the 
Sacramento River, San Joaquin River, and Tulare Lake Bed Basins.  HEC’s Hydrologic 
Modeling System (HEC-HMS) was used to develop these models.  The Sacramento 
District intends to use the HEC-HMS models to assist them in their water management 
efforts.  Through the Corps Water Management System (CWMS), the models will help 
provide better flow forecasts.  Model results will be used as input for reservoir simulation 
models and to estimate local inflows below the reservoirs. This paper discusses the 
development of the HMS models, the techniques, steps, guidelines, and assumptions 
made along the way.  Summary results are presented.  The entire process and detailed 
modeling results are provided in a complete report entitled, “HEC-HMS Models for the 
Sacramento and San Joaquin River Basins Comprehensive Study.” 
 



SIMULATION OF POTENTIAL CLIMATE CHANGE IMPACTS ON WATER 
RESOURCES, WATER QUALITY, AGRICULTURAL PRODUCTION AND THE 

RURAL ECONOMY IN THE SAN JOAQUIN RIVER BASIN 
 

Hugo G. Hidalgo, Civil & Environmental Engineering Department, University of 
California, Berkeley; Levi D. Brekke, Civil & Environmental Engineering 

Department, University of California, Berkeley; Nigel  W.T. Quinn, Lawrence 
Berkeley National Laboratory; John A. Dracup, Civil & Environmental 

Engineering Department, University of California, Berkeley; and  Norman L. 
Miller, Lawrence Berkeley National Laboratory 

 
Abstract:  Hydroclimatic observations and several simulated climate change scenarios 
provide the input of an integrated suite of environmental and economic impact 
assessment models used to determine the potential impacts of climate change in the San 
Joaquin River Basin (SJRB). The climate change scenarios resulting from increased 
greenhouse gas concentrations were simulated using two Global Circulation Models 
(GCMs):  The Parallel Climate Model (PCM) developed by the Climate and Global 
Dynamics Division at the Universities Corporation for Atmospheric Research, and the 
Hadley Circulation Model 2 (HadCM2) developed by the United Kingdom Hadley 
Center.  The GCM scenarios were downscaled using both dynamic and statistical 
downscaling techniques. The series of resource assessment models linked to perform the 
impact studies are 1) CALSIM-II: A comprehensive water supply and reservoir 
operations model developed jointly by the California Department of Water Resources 
(CDWR) and the US Bureau of Reclamation (USBR), 2) the Delta Hydrodynamic and 
Water Quality Simulation Model extension to the San Joaquin River (DSM2-SJR) used to 
simulate streamflows and salt loads within the San Joaquin River, also developed by 
CDWR and 3) the Agriculture Production, Salinity, and Irrigation Drainage Economics 
model (APSIDE), used to simulate cropping and land use  decisions in response to future 
water supply, agricultural markets  and salinity. This model was an outgrowth of the 
USBR’s WADE (Westside Agriculture Drainage Economics) model developed by the 
San Joaquin Valley Drainage Program. In this paper we present results from the linkage 
of the CALSIM and DSM2-SJR models and discuss feedback issues between these 
models. The analysis compares monthly hydrology/water-quality estimations for 
historical data and changed climate scenarios.  We pay particular attention to changes in 
water quality, reservoir operations and in the outflow to the San Francisco Delta.  These 
variables are significantly affected by changes in the hydrologic regime under climate 
change scenarios. More information about this project is available at 
http://www.ce.berkeley.edu/~dracup/epastar/index.htm 
 

http://ipcc=ddc.cru.uea.ac.uk/cru_data/examine/HadCM2_info.html
http://www.ce.berkeley.edu/%7Edracup/epastar/index.htm


SESSION 12C - Remote Sensing/GIS III 
 
 

AGNPS WATERSHED MODELING WITH GIS DATABASES 
 

E. Lynn Usery, Michael P. Finn, Douglas J. Scheidt, Thomas Beard, Morgan 
Bearden,  and Sheila Ruhl  

U. S. Geological Survey (USGS) Mid-Continent Mapping Center, Rolla, MO    
  

Abstract:  We used geospatial databases built with geographic information systems (GIS) 
as primary sources of input data to the Agricultural Non-Point Source (AGNPS) pollution 
computer model of watershed hydrology.  Elevation, land cover, and soils for four 
watersheds are the base from which the 22 input parameters required by the AGNPS were 
extracted.  Our effort provides an example of automatic extraction of the AGNPS input 
parameters from high resolution GIS databases to investigate improved accuracy of the 
water-quality model results. 
 
The four watersheds used include the Little River and Piscola Creek, Georgia; Sugar 
Creek, Indiana; and EL68D Wasteway, Washington.  Watershed boundaries were 
established from the National Water-Quality Assessment (NAWQA) Program.  A second 
set of boundaries was extracted from USGS Digital Elevation Models (DEMs).  This 
boundary extraction was performed with the GIS Weasel, an internally developed USGS 
program that interfaces GIS software with several water models in the Modular Modeling 
System. 
 
USGS 30 m DEMs and the 30 m, Multi-Resolution Land Characteristics land cover data 
were used as the base for the extraction processes.  These elevation and land cover data 
were augmented with recent (1997 and 2001) land cover extractions from Landsat 
Thematic Mapper and a set of high resolution (3 m) data to determine resolution effects.  
The soils databases were derived from U. S. Department of Agriculture (USDA) soil 
surveys by scanning mylar separates of soil polygons, then rectifying, vectorizing, and 
tagging the resulting digital data.  Soils data were resampled to the 30 m and 3 m base 
resolutions.  To assess the effects of resolution on model results, the 30 m raster data 
were resampled to 60, 120, 210, 240, 480, 960, and 1920 m resolution.  The 210 m 
database roughly matches the 10-acre grid size commonly used by the USDA.   
 
The requisite 22 AGNPS parameters were extracted from the three primary databases 
utilizing object-oriented programming and macro languages.  The ERDAS Imagine 
software was the primary tool used for manipulating the raster GIS databases.  The 
extracted parameters were processed with the event-based AGNPS model (version 5.0) 
for each of the watershed resolutions and for the two different watershed boundaries from 
NAWQA and Weasel.  The output was inspected in the AGNPS standard output 
tabular/numerical form.  In addition, we created graphical output for each model run by 
generating a series of multi-dimensional images from the numerical AGNPS output for 
each data resolution and model run.  Collaboration continues between geographers, 



computer programmers, hydrologists, and hydraulic engineers to quantify the impact of 
geospatial resolution on model results. 
 
 

DATA SHARING: A GIS APPROACH 
 

Jeffrey D. Rieker, Hydraulic Engineer/Student Trainee,  
U.S. Bureau of Reclamation, Denver, CO;  

Kevin Fagot, Hydraulic Engineer, U.S. Bureau of Reclamation, Boulder City, NV;  
Steffen Meyer, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, CO;  

Dave King, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, CO  
 
Abstract:  An important aspect of hydrologic modeling is the dissemination of data and 
model results.  The internet offers a new vehicle for data and information sharing.  
Unfortunately, publishing data and information to the web can often be tedious and 
difficult, and web presentation formats do not always lend themselves to user-friendly 
data sharing.  Since most hydrologic and hydraulic data have a spatial aspect, geographic 
information systems (GIS) can play an important role in the presentation of data.  A 
system has been developed at the U.S. Bureau of Reclamation to present hydraulic and 
hydrologic data, models, and model results through the web using the ArcView 3.x line 
of ESRI GIS products.  This system involves the sharing of data and model results using 
a visual, map-based browser interface that operates from a PERL-driven common 
gateway interface (cgi) script.  The system automates the creation of a map-driven web 
site based on any type of geospatial data, including simple model node diagrams and flow 
charts.  The system is customizable to most user needs, and offers an alternative method 
to web publication using more complicated GIS web publishing products. 
 



APPLICATION OF GEOGRAPHICAL INFORMATION SYSTEM (GIS) 
TECHNOLOGIES FOR THE MARLINTON LOCAL PROTECTION PROJECT 

 
Sean L. Smith, P.E., Supervisory Hydraulic Engineer, Water Resources Engineering 

Branch, U.S. Army Corps of Engineers, Huntington, West Virginia; Jerry W. 
Webb, P.E., Supervisory Hydraulic Engineer, Water Resources Engineering 

Branch, U.S. Army Corps of Engineers, Huntington, West Virginia 
 
Abstract:  Due to the relational capabilities of Geographical Information System (GIS) 
technologies, computer programs that model physical characteristics of the earth can be 
linked to maps and databases of those same features, thereby providing a very powerful 
analysis and visualization tool.  In the case of the Marlinton Local Protection Project 
(LPP), the primary function of the GIS was to provide input for the hydrologic and 
hydraulic models as well as a viewing system for the model output.  Significant time 
savings were achieved by utilizing GIS technologies to prepare model input/output as an 
alternative to traditional methods.  With this in mind, the GIS layers were developed for 
model input and formatted in order to accept the numerical model output with minimal 
effort between multiple model computational analyses.  In support of detailed hydrologic 
and hydraulic studies associated with the Marlinton LPP, internal design teams were 
assembled to address hydrology and hydraulic modeling issues utilizing the latest 
advancements in numerical modeling application software.  Collectively, these design 
teams gathered the necessary data to construct computer models that were specifically 
oriented to support the design specifications of the flood protection system.  The 
Hydrologic Engineering Center, Hydrologic Modeling System (HEC-HMS) and River 
Analysis System (HEC-RAS) numerical computer models as well as the proprietary 
numerical software XP-SWMM2000 were utilized for specific project tasks associated 
with the Marlinton LPP.  Taking advantage of the internal GIS capabilities of the various 
software packages streamlined the process for project development and analyses.  In 
addition to the engineering aspects associated with the Marlinton LPP, it was anticipated 
that significant public education and awareness of the project was necessary to achieve 
the goals of the project.  As a result of the GIS approach to the project, local residents 
were capable of visualizing the various alternatives in a format that afforded the 
opportunity to see the solution on a map with other recognizable landmarks and more 
easily understanding the proposed alternatives from their own perspective.  Maps with 
photographs of buildings and interactive, dynamic 3-D presentations can assist in 
explaining complex issues where written reports fall short.  Residents were capable of 
visualizing pre- and post-project conditions, including rapid inundation from exterior and 
interior storm events, and relate in real space exactly how the implementation of the 
Marlinton LPP would affect their interests.   
Understanding the concepts, applying the tools and taking advantage of GIS capabilities 
as well as the more robust capabilities of today’s hydrologic and hydraulic software 
applications can greatly reduce redundancy and increase efficiency in developing 
engineering products. 
 
 



ASSESSMENT OF WATERSHED MANAGEMENT ON RESERVOIR 
EUTROPHICATION:  

AN INTEGRATED GIS-BASED MODELING APPROACH 
 

Ming-Shu. Tsou, Xiaoyong Zhan, and Girmay Misgna, 
Kansas Geological Survey, Lawrence Kansas   

Shih-Hsien Wang and Donald G. Huggins,  
Kansas Biological Survey, Lawrence, Kansas   
Su Liu, US Department of Agriculture, NRCS 

 
Abstract:  The four water-quality problems that appear to be the most common in the 
Central Plains reservoirs are 1) elevated plant-nutrient levels and concurrent plant-
biomass increases; 2) elevated suspended-solids levels and siltation that reduce light 
penetration, affect aesthetics, modify lake depth and volume, and alter aquatic habitats; 3) 
occurrence of elevated toxic chemicals, particularly pesticides; and 4) objectionable taste 
and odor conditions.  Excess nutrients and siltation are the most common water-quality 
conditions that cok´ribute to eutrophication due to intensive agricultural activities, thus 
leading to the design of the EPA’s national strategy for development of regional nutrient 
criteria.    
 
Two basic approaches are suggested for use in developing nutrient criteria for managing 
reservoirs: frequency analysis of current or historic data, and the use of water-quality 
models.  Frequency analysis mathematically identifies reference lake conditions by using 
reservoirs in the upper percentiles of the distribution which have highly acceptable water 
quality.  This somewhat subjective approach may be sensitive to the number of 
observations included and should be used carefully because the number of reservoirs are 
often limited in many regions.  In contrast, water-quality models portray changes in 
trophic-state variables in response to changes in nutrient loading using either mechanistic 
descriptions of processes or empirical relationships.  Both types of models have been 
successfully used in eutrophication assessment and provide potential tools for 
determining reference conditions for the U.S. Army Corps of Engineers’ reservoirs. 
 
A three-year integrative study of a number of reservoirs and their watersheds is 
undertaken to provide the empirical data necessary to calibrate and validate both a 
watershed-loading model (Annualized Agricultural Nonpoint Source) and a reservoir-
eutrophication model (BATHTUB).  These models will be integrated through a user-
interactive GIS interface so that reservoir and watershed-management options can be 
examined, and predicted outcomes can be evaluated in the decision-making process.  
Additionally, the modeling of predevelopment and/or early land-use development can 
provide managers and regulators estimates of background nutrient loadings and historic 
reservoir conditions.  We strongly believe that this type of information may be necessary 
in identifying reference conditions of Central Plains reservoirs. 
 
 



MULTIVARIABLE, MULTI-PROCESS VALIDATION 
OF HYDROLOGICAL MODELS 

 
Venkat Lakshmi, University of South Carolina, Department of Geological Sciences, 

University of South Carolina, Columbia 
 
Abstract: Hydrological models use a variety of parameters, inputs and variables of which 
some variables are model-computed outputs. In the case of hydrological models that have 
water balance modules only, we can compare the computed streamflows to the observed 
discharges at stream gauge locations and the computed soil moisture to observed soil 
moisture (if available). If the hydrological model has energy balance modules, the output 
surface temperatures can be compared with (satellite) observed quantities. In this paper, 
we examine (using several examples), the validation of hydrological processes using a 
combination of in-situ, and satellite data. In addition, we use the simple principles of 
mass and energy balance to undertake hydrological data assimilation so as to better 
predict mass and energy fluxes. A fully integrated hydrological modeling framework is 
envisaged to be consist of (a) simple water and energy budgets along with process 
parameterization (b) remote sensing data for a distributed approach as well as for 
validation (c) simple assimilation for adjustment of output variables to reflect 
inaccuracies in modeling. These studies are important for flood and drought prediction 
and decision regarding water allocation and release from reservoir/multi-purpose river 
projects. 



 
 



HEC-GEORAS VERSION 3.1: 
GIS SUPPORT FOR HYDRAULIC MODELING AND ANALYSIS 

 
C. T. Ackerman, P.E., Hydraulic Engineer; and G. W. Brunner, P.E., Senior 

Technical Hydraulic Engineer, US Army Corps of Engineers, Davis, California 
 

Abstract:  HEC-GeoRAS is an ArcView GIS extension specifically designed to process 
geospatial data for use with the Hydrologic Engineering Center’s River Analysis System 
(HEC-RAS).  The extension allows users to create an HEC-RAS import file containing 
geometric attribute data from an existing digital terrain model (DTM) and 
complementary data sets.  Water surface profile and cross-sectional velocity results 
exported from HEC-RAS can be processed into flood inundation maps and depth and 
velocity grids.  
 
Because GeoRAS provides consistent, automated methods for generating geometric data 
and delineating floodplains within the visual environment of a GIS, it is a beneficial tool 
for assisting engineers with hydraulic analysis of river systems.  The resulting data can be 
used for refining hydraulic analysis results; inundation mapping; flood damage analysis; 
evaluating ecosystem restoration alternatives; and flood warning, response, and 
preparedness. 
 
This paper discusses the development of GeoRAS, presents its capabilities, addresses 
example applications, and emphasizes the advantages of using GeoRAS to assist in 
hydraulic analysis. 
 



UNSTEADY FLOW MODELING WITH HEC-RAS 
 

Gary W. Brunner, P.E., Senior Technical Hydraulic Engineer, Hydrologic 
Engineering Center, U.S. Army Corps of Engineers, Davis, California;   

Mark E. Forest, P.E., President, WRC Nevada Inc., Reno, Nevada. 
 
Abstract:  With the release of Version 3.0 in January of 2001, unsteady flow routing can 
now be performed within HEC-RAS.  This paper will discuss the capabilities contained 
within HEC-RAS for performing unsteady flow analyses, as well as other new features 
added for Version 3.1.  Additionally, the application of unsteady flow routing for the 
Truckee Meadows area (Truckee River through Reno and Sparks Nevada) will be 
presented.  This system is a very complex hydraulic modeling problem.  The Truckee 
Meadows area has both steep and very mild gradients, complex overbank flow reaches, 
large inundation areas, and multiple stream reaches that combine within the impacted 
areas.  The HEC-RAS model was calibrated for existing conditions based upon data 
collected from the 1997 flood, which is the event of record on this segment of the 
Truckee River.  The HEC-RAS model was able to consistently match high water mark 
data within the project area as well as the recorded stages and flows where the flow enters 
the downstream canyon. 
 



HEC-GEOHMS VERSION 1.1: 
GIS SUPPORT FOR HYDROLOGIC MODELING AND ANALYSIS 

 
James H. Doan, P.E., Hydraulic Engineer and 

Arlen D. Feldman, P.E., Chief of Hydrology & Hydraulics Division,  
US Army Corps of Engineers 

 
Abstract:  The Geospatial Hydrologic Modeling Extension (HEC-GeoHMS) is a public-
domain software package for use with the ArcView Geographic Information System.  
GeoHMS uses ArcView and Spatial Analyst to develop a number of hydrologic modeling 
inputs.  Analyzing the digital terrain information, HEC-GeoHMS transforms the drainage 
paths and watershed boundaries into a hydrologic data structure that represents the 
watershed response to precipitation.  In addition to the hydrologic data structure, 
capabilities include the development of grid-based data for linear quasi-distributed runoff 
transformation (ModClark), HEC-HMS basin model, physical watershed and stream 
characteristics, and background map file.  GeoHMS is available for Windows 95/98/NT 
operating systems.  
 
The development of HEC-GeoHMS began with contracted research at the Center for 
Research in Water Resources at the University of Texas and continues now under a 
Cooperative Research and Development Agreement (CRADA) between HEC and ESRI. 
 



HYDROLOGIC MODELING SYSTEM (HEC-HMS) 
NEW CAPABILITIES AND FUTURE PLANS 

 
William Scharffenberg, Hydraulic Engineer; Lisa Pray, Information Technology 

Specialist; and Arlen Feldman, Chief Hydrology & Hydraulics Div.; 
 U.S. Army Corps of Engineers, Davis, California 

 
Abstract:  The Hydrologic Modeling System (HEC-HMS) was developed to supercede 
the aging HEC-1 program for hydrologic simulation.  Many aspects of the design and 
implementation of HEC-HMS are an improvement over HEC-1.  Many computational 
algorithms have been improved to use recent advances in numerical analysis.  Overall 
software design has been enhanced by the adoption of an object-oriented programming 
language. 

Continuous simulations can now be performed using either a one-layer or more complex 
five-layer soil moisture accounting method.  The one-layer method does not include any 
representation of interception and only a lumped recovery term incorporating 
evaporation, transpiration, and percolation.  The five-layer method explicitly includes a 
representation of canopy, surface, soil, and shallow groundwater dynamics. 

The reservoir element is used to represent any lake, detention basin, or reservoir.  The 
next version adds significant capability through the explicit representation of outlet 
structures.  Available structures include a low-level outlet, broad-crested and ogee 
spillways, dam overflow, and dam break.  The new capabilities are implemented using an 
adaptive time-step, iterative solution of the continuity equation. 

Snow accumulation and melt represents a significant impact on the hydrologic cycle of 
many watersheds.  Design is currently underway on a degree-day snowmelt model 
modified with a pack cold content and liquid water content.  The algorithm will be usable 
in lumped, elevation band, or grid cell modes. 
Extensible Markup Language (XML) is becoming a common method for information 
exchange between applications with similar data.  Currently there are a number of 
hydrologic models in use that could share certain data but no standard exists for 
exchanging the data between the programs.  To facilitate such transfers, an XML data 
definition has been created for parameter data and simulation results used in HEC-HMS. 
 



CORPS WATER MANAGEMENT SYSTEM 
DECISION SUPPORT MODELING 

 
William J. Charley, Senior Technical Specialist and  

Thomas A. Evans, Senior Hydraulic Engineer,  
Water Management Systems Division, U.S. Army Corps of Engineers, 

 Hydrologic Engineering Center, Davis, California 
  

Abstract:  The U.S. Army Corps of Engineers has developed a comprehensive data 
acquisition and hydrologic modeling system for real time decision support of water 
control operations.  This system, known as the “Corps Water Management System”, or 
CWMS, is currently being implemented at Corps offices through out the United States.  
CWMS retrieves precipitation, river stage, gate settings and other data from field sensors, 
and validates, transforms and stores those measurements in a database.  The 
measurements are used for calibration and adjustment of hydrologic and hydraulic 
models to reflect current conditions.  The gauged precipitation, combined with 
Quantitative Precipitation Forecasts (QPF), or other future precipitation scenarios, are 
used by the HEC-HMS hydrology model to forecast possible future river flows into and 
downstream of reservoirs.  The reservoir operations model, HEC-ResSim, uses these flow 
scenarios to provide operational decision information for the engineer.  The river 
hydraulics program, HEC-RAS, computes river stages and water surface profiles for 
these scenarios.  An inundation boundary and depth map of water in the flood plain can 
be calculated from the HEC-RAS results using ArcInfo, and viewed with CorpsView, a 
geo-spatial data viewer based on ArcView.  The economic impacts of the different flows 
are computed by HEC-FIA.  This sequence of modeling software allows engineers to 
evaluate operational decisions for reservoirs and other control structures, and view and 
compare hydraulic and economic impacts for various “what if?” scenarios. 
 
 



 
 
 
 



 
 

RECENT DEVELOPMENTS IN THE RIVERWARE MODELING TOOL  
 

Edith Zagona, Research Associate, University of Colorado Center for Advanced 
Decision Support for Water and Environmental Systems, Boulder, Colorado; Steve 

Setzer, Professional Research Assistant, University of Colorado Center for 
Advanced Decision Support for Water and Environmental Systems, Boulder, 

Colorado; Don Frevert,  U.S. Bureau of Reclamation, Technical Services Center, 
Denver, Colorado 

 
Abstract:  RiverWare is a reservoir and river modeling tool used extensively by federal 
agencies and others for planning and scheduling operations and for evaluating operational 
policies. Research and development of RiverWare and related decision support tools has 
been ongoing at the University of Colorado Center for Advanced Decision Support for 
Water and Environmental Systems (CU-CADSWES) since 1993 under the sponsorship of 
the Tennessee Valley Authority (TVA) and the U.S. Bureau of Reclamation (USBR).  As 
RiverWare is applied to more reservoir systems, R&D efforts continue. Since the First 
Hydrologic Modeling Conference, major new enhancements have been made to 
RiverWare and associated analysis and data tools. In particular, RiverWare’s system for 
tracking water ownership and water rights has been developed and is used on the Rio 
Grande, the Yakima and the Truckee Rivers. The water accounting is tracked separately 
from the physical water model. The accounting fits into the object-oriented framework by 
account objects that reside on the simulation objects. The accounts are linked together to 
represent the network of possible water transfers. Water in storage and in transit through 
the models can be tracked as to ownership and color (transbasin, etc.). RiverWare has 
storage accounts, flow accounts and diversion accounts to track legal water accounts, and 
pass-through accounts to track water in transit between legal accounts. User-created 
algorithms can be used to allocate inflows and losses to accounts and to reconcile the 
“paper” water with the wet water. Water transfers can be accomplished through user 
inputs or by user-specified rules. 
 
Other new developments include new features in optimization and rulebased simulation, 
new output features and new model analysis tools. 
 



 
 
MODELING WATER OPERATIONS ON THE RIO GRANDE IN NEW MEXICO 
 

Mark Yuska, U.S. Army Corps of Engineers, Albuquerque, New Mexico 
 
Abstract:  Modeling the reservoirs on the Rio Grande requires understanding that can be 
classified in three areas: Physical Hydrology; Operational Rules and Accounting; and 
Forecasting.  The Upper Rio Grande Water Operations Model tackles all three, based 
upon the development of substantial data and model-calibration, and of other models 
particularly in groundwater and in forecasting.  The physical hydrology may be viewed as 
the most fundamental aspect of URGWOM modeling.  It represents how water flows, is 
gained, and lost through the river/reservoir system.   Some simplification is needed due to 
the relative lack of data compared to the complex system of surface-water and 
groundwater.  Nevertheless, we attempt to cover all significant effects to gain as much 
accuracy as possible. 
 
Secondarily, the accounting of multiple water designations and the replication of release 
and storage decisions are significant pieces of the puzzle.  Although much better 
understood than physical hydrology, these technicalities still consume a substantial 
amount of the developmental effort.  These measured and controlled rules and methods 
deal with the complexities, ambiguities, and sometimes conflicts of a legal, interpretive, 
administrative, and engineering-based operations plan. 
 
Thirdly, forecasting is the science (or magic?) of the supply to the system upon which 
modeled water operations and management depend.  Certainly the least predictable and 
understood of the three, we cannot hope for much resolution and accuracy beyond a few 
days, yet there are some predictable aspects including snowmelt runoff volume and short-
term rainfall expectations, that can help.  URGWOM has traditionally used a simplistic 
and consistent snowmelt runoff volume forecast provided by NRCS and NWS, but has 
recently linked to the more sophisticated Modular Modeling System (MMS) developed 
by USGS.  This new system is much more physically based, and promises to significantly 
improve both snowmelt and rainfall runoff predictions. 
 
This presentation briefly examines the complete predictive water operations modeling by 
URGWOM's suite of models, and examines how forecast modeling is used and the 
relative performances of the two methods. 
 



 
THE MODULAR MODELING SYSTEM (MMS): A TOOLBOX FOR WATER- 

AND ENVIRONMENTAL-RESOURCES MANAGEMENT 
 

George H. Leavesley, Steven L. Markstrom, Roland J. Viger, and Lauren E. Hay 
U.S. Geological Survey, Denver, Colorado 

 
The interdisciplinary nature and increasing complexity of water- and environmental-
resource problems require the use of modeling approaches that can incorporate 
knowledge from a broad range of scientific disciplines. The large number of distributed 
hydrological and ecosystem models currently available are composed of a variety of 
different conceptualizations of the associated processes they simulate. Assessment of the 
capabilities of these distributed models requires evaluation of the conceptualizations of 
the individual processes, and the identification of which conceptualizations are most 
appropriate for various combinations of criteria, such as problem objectives, data 
constraints, and spatial and temporal scales of application. With this knowledge, 
“optimal” models for specific sets of criteria can be created and applied. The U.S. 
Geological Survey (USGS) Modular Modeling System (MMS) is an integrated system of 
computer software that has been developed to provide these model development and 
application capabilities.  
 
MMS supports the integration of models and tools at a variety of levels of modular 
design. These include individual process models, tightly coupled models, loosely coupled 
models, and fully- integrated decision support systems. A geographic information system 
(GIS) interface, the GIS Weasel, has been integrated with MMS to enable spatial 
delineation and characterization of basin and ecosystem features, and to provide objective 
parameter-estimation methods for selected models using available digital data coverages. 
Optimization and sensitivity-analysis tools are provided to analyze model parameters and 
evaluate the extent to which uncertainty in model parameters affects uncertainty in 
simulation results. A variety of visualization and statistical tools are also provided. 
 
MMS has been coupled with the Bureau of Reclamation (BOR) object-oriented reservoir 
and river-system modeling framework, RiverWare, under a joint USGS-BOR program 
called the Watershed and River System Management Program. MMS and RiverWare are 
linked using a shared relational database. The resulting database-centered decision-
support system provides tools for evaluating and applying optimal resource-allocation 
and management strategies to complex, operational decisions on multipurpose reservoir 
systems and watersheds. Management issues being addressed include efficiency of water-
resources management, environmental concerns such as meeting flow needs for 
endangered species, and optimizing operations within the constraints of multiple 
objectives such as power generation, irrigation, and water conservation. This decision 
support system approach has beendeveloped, tested, and implemented in the Gunnison, 
Yakima, San Juan, Rio Grande, and Truckee River basins of the western United States. 
 

 



 
THE GIS WEASEL - AN INTERFACE FOR THE DEVELOPMENT OF 

SPATIAL PARAMETERS FOR PHYSICAL PROCESS MODELING  
 

R. J. Viger, S. M. Markstrom, and G.H. Leavesley 
U.S. Geological Survey, Lakewood, Colorado   

 
Abstract:  The GIS Weasel is a map and Graphical User Interface (GUI) driven tool that 
has been developed as an aid to modelers in the delineation, characterization, and 
parameterization of Modeling Response Units (MRUs) for use in distributed or lumped 
parameter physical process models. The term MRU is intended to be a generic reference 
to the spatial feature type or types that a model needs to have descriptions of. There is no 
fixed methodology for the delineation of MRUs in the GIS Weasel. In surface water 
modeling applications, MRUs are commonly defined as land surfaces that sub-divide an 
Area Of Interest (AOI), such as a watershed, to reflect a model's treatment of spatially 
distributed characteristics. MRUs can be homogeneous or heterogeneous with respect to 
some or all of these characteristics. MRUs generic spatial features  
 
The interface does not require user expertise in geographic information systems (GIS). 
The user does need knowledge of how the model will use the output from the GIS 
Weasel. The GIS Weasel uses Workstation ArcInfo 8.0.2, the Grid extension, and the Arc 
Macro Language (AML), as well as scripts, and C subroutines. The GIS Weasel will run 
on all platforms that Workstation ArcInfo runs (i.e. numerous flavors of Unix and 
Microsoft Windows).  
 
The GIS Weasel requires as input an ArcInfo grid of some topographical description of 
the AOI. This is normally a digital elevation model, but can be the surface of a ground 
water table or any other data that flow direction can be resolved from. The user may 
select the AOI from a set of watersheds that can be automatically delineated from the 
topographical input, based on ridges, define their own drainage area based on an 
interactively specified watershed outlet point, or use a previously created GRID or 
coverage. This last option is most useful for AOIs that are not based on topography. 
The AOI map serves as the first version of an MRU map. The user is then able to use any 
combination of the GIS Weasel’s tool set to create one or more maps that parameters will 
be derived from. These tools easily integrate other similarly formatted data sets. Once the 
spatial feature maps have been prepared, then the GIS Weasel’s many parameterization 
routines can be used to create descriptions of each element in each of the user’s created 
maps. Over 100 parameterization routines currently exist, generating information about 
shape, area, and topological association with other features of the same or different maps, 
as well many types of information based on ancillary data layers such as soil and 
vegetation properties. 
 



TOWARDS A CLOSER INTEGRATION OF GIS INTO SIMULATION 
FRAMEWORKS: THE OMS EXAMPLE 

 
Olaf David and Ian Schneider, USDA-ARS, Great Plains System Research Unit, 

Fort Collins, Colorado; Roland Viger, USGS, Denver, Colorado 
 
Abstract:  Distributed environmental modeling and simulation requires the application of 
geographical information systems (GIS). The analysis and visualization of geospatial 
phenomena was in the past usually processed in a GIS program separate from a model. 
The GIS was mainly applied in a pre-run simulation mode to delineate model input 
parameter and in a post-run simulation mode to provide spatial feedback of model results. 
The general efforts to couple GIS functionality and models resulted in two main 
approaches: (i) running the model as an integral part of the GIS or (ii) integrating the GIS 
into a model. Whereas the second option requires an open GIS API for the model to 
invoke geo-processing functionality, this approach has tended to be challenging to 
implement because of the differences in programming language preferences, 
implementation infrastructure, and often is limited in universal application. The first 
option seems to be simpler to realize at first sight, but it limits the final user to a desktop 
GIS, which was originally not intended to host a simulation, or models in general, and 
usually prevents scalability.  The situation becomes more difficult to handle from the GIS 
perspective if we consider the model being implemented as a set of loosely coupled and 
customized components rather than a monolithic package.  
 
Model construction is generally moving towards the customization of modeling 
components and their connectivity mapping by using simulation frameworks, which 
allow the development of the most appropriate model representations of a given 
simulation problem based on physical facts. This also affects the role of GIS processing 
in the modeling context. In the Object Modeling System (OMS) physical process 
simulation model components and geospatial model components are peers in this 
framework. Geo-processing components can be used whenever required in the overall 
model execution sequence to (i) derive model parameter from spatial properties, (ii) map 
model variables to spatial features and attributes during model execution, and (iii) allow 
user intervention by interaction. The system being developed is a lightweight 
implementation of a GIS data model and an operator API to perform raster and vector 
processing. It provides a developer API to implement low-level geo-processing 
operations and a scripting user API to perform high-level aggregation of GIS operations. 
 
The emphasis on this paper will be given on the principles applied to design lightweight 
GIS processing in the OMS simulation framework, where the design and implementation 
of GIS operation for geospatial analysis was driven by application needs for distributed 
hydrological modeling. We will discuss an example that integrates a geo-processing 
component for spatial parameter estimation with a hydrological model component. 

 
 
 
 



U.S. EPA'S MULTIMEDIA INTEGRATED MODELING SYSTEM 
FRAMEWORK 

 
Steve Fine 

U.S. EPA National Exposure Research Laboratory 
 
Abstract: The U.S. EPA is developing a Multimedia Integrated Modeling System 
(MIMS) framework that will provide a software infrastructure or environment to support 
constructing, composing, executing, and evaluating complex modeling studies. The 
framework will include (1) common software libraries, such as a data input/output 
library; (2) an infrastructure for constructing, composing, and executing models; and (3) 
tools to support common modeling and assessment tasks, such as data manipulation, data 
analysis, visualization, and decision support tools. The framework's goal is to allow 
modelers to focus more on the scientific and policy issues they are addressing instead of 
the mechanics of working with models and data, even as the modelers tackle increasingly 
complex problems. A core component of the MIMS framework is Argonne National 
Laboratory's Dynamic Information Architecture System (DIAS), which provides a very 
flexible and powerful approach for bringing together diverse models, including physical, 
chemical, biological, and socioeconomic. In addition to those capabilities, the MIMS 
framework provides general user interfaces for working with models, approaches that 
simplify the incorporation of many models, tools to automate repetitive work, and other 
capabilities that support modelers. The MIMS framework is intended to support multiple 
modeling applications, including single and multiple media (e.g., air, water soil) studies. 
The framework and some of those applications will be demonstrated. 
 



SIMULATING WATER STORAGE, DELIVERY, TEMPERATURE AND FISH 
PRODUCTION IN THE KLAMATH RIVER 

 
Sharon G. Campbell, Marshall Flug, and John Bartholow 

U.S. Geological Survey, Biological Resources Division, Midcontinent Ecological 
Science Center, Ft. Collins, CO 

 
Abstract:  SIAM (Systems Impact Assessment Model) is a set of predictive models in a 
windows interface.  The model is used to evaluate different water supply allocation 
alternatives by determining the potential effects on water quality and fish production.  An 
interactive example that evaluates two different water management strategies was 
developed to introduce new users to SIAM.  The example steps a new user through the 
process of simulating two alternatives and then comparing the resulting predictions of 
water storage and delivery, temperature and out-migrating anadromous fish numbers.  
SIAM represents the Klamath River Basin, OR and CA where droughts in three of the 
past ten water years have exacerbated tensions among the water resources user 
community for water supply needs such as hydropower, irrigation, endangered species 
and Tribal reserve water rights.  This decision support system was developed by U.S. 
Geological Survey to help resolve water resource management issues in the Klamath 
Basin 
 



ENVIRONMENTAL RESOURCES ANALYSIS SYSTEM  
 

Marshall Flug, Research Hydrologist, USGS, Midcontinent Ecological Science 
Center (MESC), Fort Collins, CO; Sharon G. Campbell, Aquatic Ecologist, USGS, 
MESC, Ft. Collins, CO; and R. Blair Hanna, Research Associate, Johnson Control 

World Services, Inc., Ft. Collins, CO 
 
Abstract:  Growth in the western United States coupled with a century of dam 
construction and water development have altered river flows.  These alterations include 
physical, chemical, and biological elements of the natural hydrologic ecosystem with 
some loss of biological diversity.  Increased water use, urbanization and environmental 
awareness in these western water systems places larger burdens on information 
management and resource decision making.  Resource managers and water users need 
data and systematic methods to process the eclectic information related to hydrology, 
water use, and river ecosystem integrity.  To address this information need, we have 
developed a prototype Environmental Resources Analysis System (ERAS) using the 
Green and Yampa River Basins of the Colorado River.  These basins are home to 
endangered native fish species including the pikeminnow and razorback sucker.  
Balancing the existing needs for water resources, while attempting to restore endangered 
fish populations creates tension among individuals and river interest groups.  The ERAS 
computer package gives resource managers and the user community access to historic 
data sets, scientific information, statistical analysis, and comparative methods in a 
familiar and user-friendly format.  ERAS is spreadsheet based and provides a convenient 
method for assessing water management alternatives to determine potential effects on 
water supply, water quality, fish populations, and other water resource issues in an 
objective fashion.  Rather than coupling or linking complex deterministic models, ERAS 
uses an extensive and expandable database.  The database includes a diversity of data, 
model outputs, statistical analyses, and study results.  ERAS displays information using 
graphics, maps, color, easily editable data files, curves to represent functions, digital 
photos and/or short movie clips of river sections or attributes (e.g., cross-sections, 
spawning bars), and simulation graphics (e.g., changing water levels or depths).  In 
addition, ERAS displays predictive results for physical, chemical, and biological 
response to various flow regimes in river reaches by utilizing functional relationships 
(i.e., resource response or utility functions) developed for the Green and Yampa River 
ecosystem. 
 



A MULTI-DIMENSIONAL SURFACE WATER MODELING SYSTEM FOR 
COMPUTATIONAL MODELS OF FLOW AND TRANSPORT IN CHANNELS 

 
R. R. McDonald, J. P. Bennett and J. M. Nelson; 

U.S. Geological Survey, Denver, Colorado, 80225, USA 
 
Abstract:  The U.S. Geological Survey (USGS) Multi-Dimensional Surface Water 
Modeling System (MD_SWMS) is a generic graphical user interface for computational 
models of flow and transport in channels.  The modeling system is intended to provide 
the operations program of the USGS the tools necessary to study and evaluate surface 
water issues including: TMDLs, water rights, channel restoration and habitat assessment.  
The modeling interface provides the user with interactive graphical tools for grid 
generation, managing model-specific attributes and boundary conditions and 
visualization of results.  We use an OpenGL based graphics package to render high-level 
visualizations both on and off screen.  The GUI is generic in the sense that it prescribes a 
fixed input and output data structure that is sufficiently general to be used by any model 
of flow or transport from 1-dimensional to multi-dimensional.  The generic data structure 
allows easy incorporation of additional models into the framework.  We will demonstrate 
progress on the modeling system to date.   
 



 
CATCHMENT GEOMETRIC REPRESENTATION AND IDENTIFICATION OF 

SEDIMENT YIELD PARAMETERS IN A DISTRIBUTED CATCHMENT 
MODEL 

 
H. Evan Canfield, USDA-ARS, Tucson, AZ; Vicente L. Lopes, School of Renewable 

Natural Resources, U. of Arizona, Tucson, AZ  
 

Abstract:  Distributed (spatially explicit) modeling of catchment runoff and sediment 
yield has become attractive in recent years, in part because of geographic information 
systems.  However, advances in the understanding of hydrologic and geomorphic 
processes have also made these models more attractive.  In particular, distributed 
catchment models have the potential to predict where and when runoff is generated and 
sediment entrainment or deposition is occurring.  To ensure that the models have the 
potential to produce physically realistic sediment yield predictions, it must be possible to 
identify unique sediment contributions from raindrop impact and entrainment by flowing 
water; which are highly scale-dependent processes.  In this study, we used four different 
representations of a 4.4 ha experimental catchment with the most complex representation 
preserving the channel network observed in the field.  Our objective was to determine 
whether it is possible to identify the relative contributions of sediment entrainment by 
raindrop impact and by flowing water.  We used a distributed catchment model 
(KINEROS2) and a multiplier parameter identification approach to preserve the spatial 
variability of the runoff-erosion process.  We found that it may be possible to determine 
the relative contributions of sediment entrainment by raindrop impact and by flowing 
water for a select few larger events using the most complex catchment geometric 
representation.  However, for the vast majority of events and simpler catchment 
geometric representations, it may not be possible to determine the relative contribution of 
these fluxes.   
 



GIS-BASED HYDROLOGIC MODELING: 
THE AUTOMATED GEOSPATIAL WATERSHED ASSESSMENT TOOL 

 
S.N. Miller, Senior Research Specialist, D.J. Semmens, Research Specialist, R.C. 

Miller, Research Specialist, M. Hernandez, Hydrologist, D.C. Goodrich, Research 
Hydraulic Engineer, W.P. Miller, Research Assistant, USDA-ARS Southwest 
Watershed Research Center, Tucson, Arizona; and W.G. Kepner, Research 

Ecologist, D. Ebert, Ecologist, U.S. EPA Landscape Ecology Branch, Las Vegas, 
Nevada 

 
Abstract:  Planning and assessment in land and water resource management are evolving 
toward complex, spatially explicit regional assessments. These problems have to be 
addressed with distributed models that can compute runoff and erosion at different spatial 
and temporal scales. The extensive data requirements and the difficult task of building 
input parameter files, however, have long been an obstacle to the timely and cost-
effective use of such complex models by resource managers. The USDA-ARS Southwest 
Watershed Research Center, in cooperation with the U.S. EPA Landscape Ecology 
Branch, has developed a geographic information system (GIS) tool to facilitate this 
process.  A GIS provides the framework within which spatially distributed data are 
collected and used to prepare model input files and evaluate model results. The 
Automated Geospatial Watershed Assessment tool (AGWA) uses widely available 
standardized spatial datasets that can be obtained via the internet.  The data are used to 
develop input parameter files for KINEROS2 and SWAT, two watershed runoff and 
erosion simulation models that operate at different spatial and temporal scales.  AGWA 
automates the process of transforming digital data into simulation model results and 
provides a visualization tool to help the user interpret results.  The utility of AGWA in 
joint hydrologic and ecological investigations has been demonstrated on such diverse 
landscapes as southeastern Arizona, southern Nevada, central Colorado, and upstate New 
York. 
 



KINEROS2  - A DISTRIBUTED KINEMATIC RUNOFF AND EROSION 
MODEL 

 
David C. Goodrich, Hydraulic Engineer, USDA-Agricultural Research Service 

(ARS), Tucson, AZ; Carl L. Unkrich, Hydrologist, USDA-ARS, Tucson, AZ; Roger 
E. Smith, Retired, USDA-ARS, Ft Collins, CO; and David A. Woolhiser, Retired, 

USDA-ARS, Ft. Collins, CO 
 
Abstract:  KINEROS2 (K2) is a broadly updated version of the KINEROS kinematic 
runoff and erosion model.  This is physically-based model describing the processes of 
interception, infiltration, runoff generation, erosion, and sediment transport from small 
agricultural and urban watersheds for individual rainfall-runoff events. While 
KINEROS2 has evolved primarily as a research tool it is currently being used in 
consulting and in a more operational watershed assessment context.  This has been 
facilitated by the incorporation of KINEROS2 into the AGWA (Automated Geospatial 
Watershed Assessment) tool in support of US-EPA landscape analysis activities.  This 
paper will focus on new model features that have not been previously presented in the 
literature. 
 



DEMONSTRATION OF THE ARS-BANK-STABILITY MODEL (VER. 2.0) 
 

Andrew Simon1, Andrew J.C. Collison1,2, Anthony L. Layzell1, Natahsa Pollen2 
1USDA-Agricultural Research Service, National Sedimentation Lab., Oxford, MS 

2Department of Geography, Kings College London, UK 
 
Abstract: Sediment is one of the principle pollutants of surface waters of the United 
States. Sediment derived from streambanks by mass failure is a significant contributor to 
water-quality and land management problems. Accurately modeling streambank stability 
and potential mitigation strategies using riparian vegetation involves quantifying the 
hydrologic and mechanical factors that control the driving and resisting forces imposed 
by bank material, ground and surface water and the vegetation. The ARS Bank-Stability 
Model (Ver. 2.0) has been modified to include the effects of hydraulic shear operating at 
the bank toe and the mechanical and hydrologic effects of riparian vegetation. The 
original model represented an advancement from previous models because it combined 
the following improvements: complex bank geometries, up to five soil layers, positive 
and negative pore-water pressures, confining pressures due to streamflow, and dynamic 
soil unit weights. 
 
Upper-bank stability is often a function of the degree of fluvial undercutting that occurs 
during rises in stage when the bank toe becomes submerged and steepened. This erosion, 
which is a function of the erodibility of previously failed materials and in situ sediments 
at the toe has been difficult to measure or estimate in the field. Erodibility of what are 
often cohesive sediments is difficult to quantify. Recent field research on erosion of in 
situ cohesive streambeds and bank toes with a submerged jet-test device provides a 
means of calculating bank-toe erosion. Results of almost 200 tests at stream sites from 
Arizona, Iowa, Mississippi, Missouri, Montana, Nebraska, and Tennessee provide the 
following general relation: k = 0.1 τc –0.5; where k = erodibility coefficient in cm3/N-s and 
τc = critical shear stress in Pa. Critical shear stresses are obtained in situ with the jet-test 
device (92 tests) for bank-toe materials along the Missouri River, Montana to obtain k 
and to calculate an erosion rate based on an excess shear-stress relation: ε = k (τ - τc); 
where ε = erosion rate in m/s and τ = average boundary shear stress in Pa. Inputs for the 
bank-toe erosion routine are: (1) a rectangular-shaped hydrograph of specified height and 
duration, (2) bed or water-surface slope, (3) flow depth, (4) bank geometry, and (5) τc for 
all bank layers and failed debris. Erosion is simulated normal to the submerged bank 
surface and the resulting bank geometry serves as input into the bank-stability part of the 
model. 
The ARS Bank-Stability Model (Ver. 2.0) can now be used to evaluate the effectiveness 
of various vegetative treatments. Root reinforcement is a combination of the tensile 
strength of individual roots, and the number and distribution of those roots within the 
bank mass. When combining tensile-strength data with root-area data, black willow along 
with sweetgum, offered significantly less cr (2 kPa on average) and have shallower root 
systems than the other species tested. Sycamore and river birch can provide, on average, 
6 – 8 kPa of cr. The cr values for eastern sycamore and river birch can be significant in 
stabilizing banks given that they may exceed effective cohesion of the bank-material by a 
factor of 2 to 4. The effectiveness of roots from riparian species diminishes greatly at 



depths in excess of 0.5 to 1.0 m. Species of grasses have also been tested. Results of field 
experiments on the mechanical reinforcement provided by various, common riparian 
species has been placed within the model as default values of cohesion due to roots (cr).  
These values can be applied to the upper 1.0 m of the bank mass. 
 
Demonstration of model will include (1) effects of vegetation on streambank stability 
using data from a field site in northern Mississippi and (2) effects of proposed changes in 
flow releases (increase) on bank-toe erosion and bank stability along the Missouri River, 
eastern Montana. On April 4 th 2000 prolonged rainfall at the Mississippi field site caused 
bank failure at the control cover plot, providing useful validation data for the analysis. 
The resulting factor of safety (Fs) values (incorporating both hydrological and mechanical 
effects) were 1.04, 1.64 and 2.18, respectively. Results show that the main contribution of 
the woody-vegetation to bank stability during the study period was hydrological rather 
than mechanical, and that the build up of matric suction at depth during the summer 
months persisted throughout the winter and spring. This effect was due to transpiration 
rather than canopy interception losses, which were only 2% of rainfall during the study 
period. The beneficial hydrologic effect of woody vegetation during wetter winters as in 
2001 results in more rapid losses of matric suction beneath woody-vegetation. However, 
the mechanical benefit more then offset the negative hydrologic effect, thereby 
maintaining bank stability.  
 
According to the proposed flow-release plan, flows of 216 m3/s are increased by 38.3 
m3/s/day for 12 days to 675 m3/s, held for 60 days and decreased for 12 days back to 216 
m3/s according. As expected, results show the important contribution of bank-toe 
erodibility in controlling mass failure. All sites modeled indicate a destabilizing influence 
(reduction in Fs) during the lowering of stage after 60 days, much of it due to lateral 
seepage and losses of matric suction and confining pressure. Banks at river miles 1624, 
1676 and 1716 attain Fs < 1.0 indicating imminent failure. These sites contain less 
resistant sandy-silt material at the bank toe, and experienced simulated undercutting up to 
3m. More resistant cohesive, clay bank toes at river miles 1589 and 1762 were undercut 
only 0.2 m and remained stable. 
 



 
 

 
 

CONCEPTS: A PROCESS-BASED COMPUTER MODEL OF INSTREAM 
HYDRAULIC AND GEOMORPHIC PROCESSES 

 
Eddy J. Langendoen, USDA-ARS National Sedimentation Laboratory, Oxford, MS  
 
Abstract:  The 1998 national Water Quality Inventory reported that 35% of 0.85 million 
miles of rivers and streams assessed were impaired.  Sediments are the leading source of 
river and stream impairment.  Siltation can alter aquatic habitat with profound adverse 
effects on aquatic life.  Sediments can kill fish directly, destroy spawning beds, and 
increase water turbidity resulting in depressed photosynthetic rates.  Sources of siltation 
include, among others, agricultural and urban landscapes, forestland, and streambanks.  
Channelization and floodplain development have disturbed many stream systems.  
Channels have responded through incision and planform adjustment.  Resulting 
streambank erosion may contribute up to 80% of the total sediment eroded from the 
channels. 
 
Many federal, state, and local organizations are active in restoring damaged channel 
systems or assessing sediment TMDLs for sediment-impaired streams.  A particular 
challenge we face today is the lack of integrated, comprehensive modeling tools to 
evaluate the long-term response of restored stream-riparian corridors, and the long-term 
effectiveness of BMPs for instream sediment source reduction.  Any restoration design 
needs careful scrutiny because it long-term impact on corridor response is not easy to 
predict, and the cost of computer modeling is small compared to the cost of prototype 
failure. 
 
The CONCEPTS (CONservational Channel Evolution and Pollutant Transport System) 
computer model has been developed to evaluate stream-corridor restoration designs.  The 
basic components of the model are channel hydraulics and morphology.  CONCEPTS 
simulates unsteady, one-dimensional flow, graded sediment transport, and streambank 
erosion processes.  CONCEPTS has been applied to simulate channel morphology and 
response in diverse environments.  It has been used to study mitigation strategies in 
incised channels with both cohesive and cohesionless bed materials in California, 
Mississippi, Nebraska, and New Mexico. 
 
 



THE HYDRUS SOFTWARE PACKAGES FOR SIMULATING WATER, HEAT 
AND SOLUTE MOVEMENT IN THE SUBSURFACE: FEATURES, RECENT 

APPLICATIONS AND FUTURE PLANS 
 

J. Šimůnek and M. Th. van Genuchten 
George E. Brown, Jr. Salinity Laboratory, USDA, ARS, Riverside, California 

 
Abstract: HYDRUS-1D and HYDRUS-2D are Windows-based (MS Windows 95, 98, 
2000, XP, and/or NT environments) computer software packages for simulating water, 
heat and/or solute movement in one- and two-dimensional variably-saturated media. This 
paper gives a brief summary of various features of the software, recent applications, and 
future plans.  
 

 



 
 



 
 
 

NATIONAL WEATHER SERVICE SITE SPECIFIC HYDROLOGIC 
MODELING AND FORECASTING  

 
Larry E. Brazil and Gerald N. Day, Riverside Technology, inc.; and George F. 

Smith, National Weather Service 
 
Abstract:  The National Weather Service is investigating options for developing 
capabilities for Weather Forecast Offices to perform hydrologic simulations for areas 
linked to hydrologic conditions maintained at River Forecast Centers.  The system under 
consideration is the FloodWatch system installed recently for Washoe County, Nevada.  
FloodWatch uses real-time precipitation, temperature, and streamflow observations to 
produce streamflow forecasts at specified locations within a basin.  The main models 
used in FloodWatch as developed for Washoe County include a Sacramento Soil 
Moisture Accounting (SAC-SMA) model and Snowpack model. FloodWatch includes 
functionality for Quantitative Precipitation Forecasting.  Through a Graphical User 
Interface, users are able to input future precipitation estimates when forecasting 
streamflows.  This version of FloodWatch incorporates capabilities for automatically 
updating SAC-SMA soil moisture accounting variables and provides a GUI that enables 
the user to update snow water equivalent (SWE) values in the Snowpack model based on 
Snotel observations.  This paper will describe the current status of FloodWatch systems 
and possibilities for implementation on a larger scale. 
 



FLDVIEW: THE NWS FLOOD FORECAST MAPPING APPLICATION 
 

Neftali Cajina, Janice Sylvestre, Edward Henderson, Michael Logan, Michael 
Richardson, National Weather Service, NOAA, Silver Spring, Maryland 

 
Abstract:  The increased availability of high resolution spatial data and improved 
usability of geographic information system (GIS) software has helped move GIS  
applications from research to operational mode. The NWS FLDVIEW application is the 
National Weather Services’ flood forecast mapping application.  It was developed by the 
Office of Hydrologic Development using ESRI’s Arcview software with the 3-D Analyst 
and Spatial Analyst extensions.  With the appropriate GIS data and a water surface 
profile (deterministic or probabilistic) of the mapping area, FLDVIEW produces a binary 
raster of the areal extent of flooding.   This paper presents an overview of  FLDVIEW 
along with the results of it’s application to  the Juniata River in the vicinity of 
Lewistown, Pennsylvania. 
 



 
DEMONSTRATION OF THE NOHRSC OPERATIONAL SNOW 

MASS/ENERGY BALANCE MODEL FOR THE CONTINENTAL U.S. 
 

Don Cline, Long Li, Greg Fall, Andy Rost, and Anders Nilsson, 
National Operational Hydrologic Remote Sensing Center, Chanhassen, MN  

 
Abstact:  In this presentation, the performance of a moderate-resolution snow 
mass/energy balance model for a full snow season (2001-2002) will be demonstrated.  
The demonstration will provide an illustration of data assimilation methods, a description 
of the model physics, and a summary of results from the model's first operational season. 
 
Driving data for the NOHRSC snow model includes meteorological data (precipitation, 
temperature, humidity, wind) provided by the NOAA/FSL Rapid Update Cycle (RUC-2) 
and Mesoscale Analysis and Prediction System (MAPS) models, and solar data provided 
by NESDIS and MAPS.  Physically-based downscaling methods convert driving data to 
the model resolution, and a preprocessor selects the most suitable data from redundant 
sources.  Model results are assimilated with point observations from several sources 
including but not limited to the NOHRSC Airborne Gamma Survey Program and the 
NRCS SNOTEL Data Network. 
 
The NOHRSC snow model is a vertically-distributed mass/energy balance model, run 
operationally at a spatial resolution of 1 km and a temporal resolution of 1 hour over the 
Continental U.S.  The model maintains primary state variables of snow water equivalent, 
snow depth, and snowpack internal energy for two soil layers and up to three snow layers 
of variable depth.  Additionally, a number of secondary state variables and dynamic 
variables (temperatures and energy and water fluxes at the surface and within the 
snowpack) are generated for use as supplemental products and to aid in model 
development.  The design of the model balances computational efficiency with the need 
for an accurate representation of the vertical profile of the snowpack. 
 
The NOHRSC snow model was first run operationally during the 2001-2002 snow 
season.  Software engineering methods used to overcome the limitations of computer and 
network hardware, and to deal with hardware problems and data stream outages, will be 
discussed.  Finally, driving data and output products generated by the model throughout 
the 2001-2002 snow season will be presented. 
 



VERIFICATION OF NWS RIVER STAGE FORECASTS 
 

Edwin Welles and Hank Herr 
Hydrology Laboratory, Office of Hydrologic Development, 

National Weather Service, NOAA, Silver Spring, MD 
 
Abstract:  The National Weather Service has initiated an effort to verify the river stage 
forecasts issued by the NWS River Forecast Centers.  This effort has brought to light the 
difficulties associated with evaluating river forecasts at single points and aggregating 
scores over multiple points.  As a first step toward developing a coherent set of statistics 
that effectively capture the quality of a forecast sample set, the NWS has started 
collection of data and evaluation of various statistics which may be used to analyze the 
data.  Simple statistics such as the maximum error, root mean squared error, and average 
error are considered, while the more traditional meteorological measures, such as 
probability of detection and false alarm rate, are also considered.  Furthermore, more 
sophisticated distributions based approaches and transformations such as the normal 
quantile transform are also investigated.  A demonstration of a software package 
designed to enable forecasters to answer some of these questions will be provided. 
  



THE EVOLUTION OF GIS BASED HYDRAULIC/HYDROLOGIC MODEL 
INTEGRATION AND OBJECT ORIENTED MODEL INTERFACE 

 DESIGN AT THE U.S. BUREAU OF RECLAMATION 
 
Thomas Heinzer, Chemical Engineer, GIS Developer, U.S. Bureau of Reclamation, 

Sacramento, California; Michael Sebhat, Electrical Engineer, MPGIS Manager, 
U.S. Bureau of Reclamation, Sacramento, California; and Bruce Feinberg, 

Hydraulic Engineer, GIS Analyst, U.S. Bureau of Reclamation, Denver, Colorado 
  
Abstract: This paper initially examines historical hydrodynamic/hydrologic modeling 
efforts at the U.S. Bureau of Reclamation (Reclamation) that incorporate Geographic 
Information Systems (GIS) interfaces utilizing pre-COM (Component Object Modeling) 
environment technology. Relevant model integration techniques from a spatial analysis 
viewpoint are presented.  Examples of methods and results are viewable via hyper-linked 
images and animations. 
 
The implementation of COM architecture within commercial GIS software suites enables 
geo-spatial features to be modeled as geometric objects. Reclamation is exploring the use 
of these objects in conceptual model development and GIS interface design.  
Focus will turn toward two projects where we are using ArcObjects1 Technology 
(Environmental Systems Research Institute, ESRI) to facilitate modeling. 
 
A joint effort between Reclamation and the State of California Department of Water 
Resources (DWR) has resulted in a new state operational planning model (California 
Simulation Model, CALSIM). Reclamation is taking the lead on the GIS based interface 
design on this project. The use of Geometric Networks to construct models, along with 
Active X embedding within a GIS environment are discussed. Results are 
presented/demonstrated. 
 
Reclamation has developed an ArcObjects based interface to the Danish Hydraulic 
Institute's (DHI) Mike11 model. Interesting aspects of the interface are explored, such as 
the advantages of representing solution surfaces as geometric objects and component 
architecture in general. 
 
In conclusion, we present the evolution of GIS based model interface design at 
Reclamation, and give current examples where the new ArcObjects technology is being 

                                                 
1 ArcObjects is a large collection of COM components designed by ESRI. These 
components are used to build GIS applications, including their primary user interfaces. 
 
 
 
 
 
 



applied in interagency modeling efforts. A projection of where this technology may lead 
us is put forth, including the design of custom geometric objects and their applicability. 
 
 



DATA SHARING: A GIS APPROACH 
 

Jeffrey D. Rieker, Hydraulic Engineer/Student Trainee,  
U.S. Bureau of Reclamation, Denver, CO;  

Kevin Fagot, Hydraulic Engineer, U.S. Bureau of Reclamation, Boulder City, NV;  
Steffen Meyer, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, CO;  

Dave King, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, CO  
 
Abstract:  An important aspect of hydrologic modeling is the dissemination of data and 
model results.  The internet offers a new vehicle for data and information sharing.  
Unfortunately, publishing data and information to the web can often be tedious and 
difficult, and web presentation formats do not always lend themselves to user-friendly 
data sharing.  Since most hydrologic and hydraulic data have a spatial aspect, geographic 
information systems (GIS) can play an important role in the presentation of data.  A 
system has been developed at the U.S. Bureau of Reclamation to present hydraulic and 
hydrologic data, models, and model results through the web using the ArcView 3.x line 
of ESRI GIS products.  This system involves the sharing of data and model results using 
a visual, map-based browser interface that operates from a PERL-driven common 
gateway interface (cgi) script.  The system automates the creation of a map-driven web 
site based on any type of geospatial data, including simple model node diagrams and flow 
charts.  The system is customizable to most user needs, and offers an alternative method 
to web publication using more complicated GIS web publishing products. 
 



 



 
 

MULTI-OBJECTIVE SIMULATION AND OPTIMIZATION OF RESERVOIR 
OPERATION USING EXCEL 

 
Darrell G. Fontane, Department of Civil Engineering, Colorado State University 

Fort Collins, CO 
 
Abstract:  Many aspects of reservoir operation can be viewed from the perspective of 
solving a general accounting problem.  In the case of a reservoir, water is the resource 
being accounted for.  Spreadsheet software is well suited for this type of problem and 
reservoir simulation is easy to perform within a spreadsheet.  Since the early 1990s 
spreadsheet software, such as Microsoft’s EXCEL spreadsheet, began to include an 
optimization capability.  Currently, both linear and non-linear optimization techniques 
with the ability to handle integer variables are included.  The optimization techniques are 
limited to problems with approximately 100 variables and constraints.  However, by 
careful formulation of the reservoir operation problem in a way that takes advantage of 
the manner in which spreadsheets work, larger optimization problems can be easily 
solved. 
 
This paper will present two EXCEL based reservoir simulation-optimization models that 
can be used to develop reservoir operational strategies.  The models integrate both 
simulation and optimization approaches into a common framework.  Users can manually 
adjust variables, such as target releases, or have the optimization tool find values that 
optimize various objectives.  The paper will also describe how the models were designed 
such that the limitations on the size of the optimization problem could be overcome. 
 
 
 



THE 2002 VERSION OF SAMS - STOCHASTIC ANALYSIS MODELING AND 
SIMULATION 

 
 Jose D. Salas, Professor and Head, Hydrological Sciences Program, Colorado State 
University, Fort Collins; Oli G. Sveinsson, Civil Engineering Dept., Colorado State 
University, Fort Collins; William L. Lane, Private Consultant, Golden, Colorado; 

and Donald K. Frevert, Hydraulic Engineer, US Bureau of Reclamation, Technical 
Services Center, Lakewood, Colorado 

 
Abstract:  The 2002 version of the Stochastic Analysis, Modeling and Simulation 
(SAMS) package provides enhanced technical capabilities from the earlier versions of the 
program.  The graphical user interface and the mechanisms for handling the data have 
been entirely rewritten in MS Visual C++ making use of object oriented programming 
techniques.  As a result the 2002 version of SAMS is easier to use and easier to update 
and maintain. 
 
The package consists of many menu option windows which focus on three primary 
application modules - Statistical Analysis of Data, Fitting of a Stochastic Model 
(including parameter estimation and testing) and Generating a Synthetic Series.   
 
SAMS has the capability of analyzing single site and multisite annual and seasonal data.  
The definition of seasonal data is flexible, but must be consistent within any given 
application.  Seasons can be, and often are, defined as months, but can also represent 
shorter or longer time intervals.   Results can be presented in graphical and tabular form 
and, if desired, saved to an output file. 
 
Sample applications which demonstrate the improved technical capabilities of the 
program will be presented for the Colorado, Yakima and Columbia River basins of the 
western United States.   
 



CCHE2D FLOW AND SEDIMENT TRANSPORT MODEL WITH GRAPHICAL 
USER INTERFACE 

 
Abdul A. Khan, Research Assistant Professor, National Center for Computational 

Hydroscience and Engineering, The University of Mississippi; Weiming Wu, 
Research Assistant Professor, NCCHE, The University of Mississippi;  

Sam S. Y. Wang, Director, NCCHE, The University of Mississippi 
 
Abstract: The CCHE2D, developed at the National Center for Computational 
Hydroscience and Engineering, The University of Mississippi, is a two-dimensional, 
depth-averaged, unsteady, turbulent flow model with non-uniform sediment transport 
capability. The model is packaged with a mesh generator called NCCHE Mesh Generator 
and graphical user interface (CCHE2D-GUI) for pre- and post-processing. The package 
provides a comprehensive tool for river engineering analysis and planning.  The flow and 
sediment transport capabilities are extensively verified both for field and laboratory 
conditions. 
 



CCHE1D – FLOW AND CHANNEL MORPHOLOGY MODEL FOR CHANNEL 
NETWORKS 

 
Dalmo A. Vieira, Research Associate, NCCHE, The University of Mississippi; 

Weiming Wu, Research Assistant Professor, NCCHE, The University of Mississippi; 
Sam S. Y. Wang, Director, NCCHE, The University of Mississippi 

 
Abstract:  Modeling hydrodynamics and sedimentation processes in streams at 
watershed scale requires good quality data on water and sediment sources from upland 
and tributaries.  Because direct measurements are seldom limited, modeling of upland 
runoff and erosion may become an attractive alternative for the estimation of these 
sources.  CCHE1D is a one-dimensional flow and sediment transport for channel 
networks that has been designed to facilitate the combined watershed–channel modeling. 
 
CCHE1D computes unsteady flows in networks of channels of compound cross section, 
accounting for the effects of in-stream hydraulic structures, such as culverts, low and 
high drop structures, weirs, and bridge crossings.  Its sediment transport module 
computes non-equilibrium transport of non-uniform sediment mixtures, which allows the 
simulation of processes such as hydraulic sorting and armoring, and the determination of 
changes in bed sediment gradation.  A bank stability and erosion module complements 
the sediment transport module. 
 
A sophisticated graphical interface, based on ArcView GIS, facilitates the integration of 
the channel model with watershed models and other tools.  CCHE1D employs a 
landscape analysis model to create a digital description of the watershed and channels, 
which is then used by both the watershed model and the channel flow and sediment 
transport model.  For cases where watershed simulations are not required, the graphical 
interface also includes features that allow the user to interactively create channel 
networks interactively based on GIS layers such as digitized maps, aerial photographs, 
satellite imagery, etc. 
 
CCHE1D is applicable to the simulation of system responses to hydrological processes, 
agricultural management practices, and man-made modifications to channels and upland 
areas.  The model is suitable for the computation of local erosion and deposition patterns, 
as well as for the determination of sediment yield. 



 



 
DAM REMOVAL EXPRESS ASSESSMENT MODELS (DREAM) 

 
Yantao Cui, Hydraulic Engineer, and Christian Braudrick, Geomorphologist, 

Stillwater Sciences, Berkeley, California; Brian Cluer, Hydrologist, National Marine 
Fisheries Service, Santa Rosa, California; Gary Parker, Professor, St. Anthony Falls 

Laboratory, University of Minnesota; and William E. Dietrich, Professor, 
University of California, Berkeley 

 
Abstract: Many dams will be decommissioned in the US and around the world in the 
future.  One key element in a dam decommissioning project is managing the sediment 
stored upstream of the dam.  To address the sediment transport issues following the dam 
removal, we developed Dam Removal Express Assessment Models, or DREAM, for two 
common cases according to the type of sediment deposit in the reservoir: DREAM1 for 
reservoir deposits composed primarily of non-cohesive sand and silt, and DREAM2 for 
reservoir deposits composed primarily of gravel (at least in the top layer of the deposit).  
The models are designed to use the minimal amount of data and thus, allow for quick 
assessment of sediment transport following the removal of dams.  The models can be 
used by geomorphologists and hydraulic engineers who are interested in sediment 
transport issues associated with dam removal. 
 



HYDROLOGICAL ASSESSMENT SYSTEM  
FOR RESERVOIR SPILLWAY CAPACITY  

 
Jun-Haeng Heo, Professor, School of Civil & Environmental Engineering,  

Yonsei University, Seoul, Korea; Chang-Sam Jeong, Ph.D. Candidate,  
Department of Civil Engineering, Yonsei University, Seoul, Korea.; Kyung-Duk 

Kim, Ph.D., Inspection Division 2, Korea Infrastructure Safety and  
Technology Cooperation, Kyonggido, Korea. 

 
Abstract:   The graphical user interfaced (GUI) program so called HDAS (Hydrological 
Dam safety Assessment System) was developed to check the capacity of reservoir 
spillway discharge.  This program consists of three modules: the first one is the 
Frequency Analysis System of hydrological data (FAS), the second is the Runoff 
Modeling System (RMS) and the last is the Reservoir Operating Systems for the designed 
inflows hydrograph (ROS) module.  The engines of this program were developed by 
FORTRAN codes and the dynamic-link (DLL) was used for interface, and Delphi ver 6.0 
was adopted for the GUI. 
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ABSTRACT It is well known that flood quantile estimates derived from flood frequency 
analysis has some degree of uncertainty, because of the limited sample size which is 
generally available for the analysis. In the study reported herein, the uncertainty of the 
risk of failure is determined by using the first order approximation of the variances of the 
corresponding estimators. The variances of the referred risk of failure are determined 
assuming the GEV as the underlying statistical model and using the methods of moments 
(MOM), maximum likelihood (ML), and probability weighted moments (PWM). The 
derived variances of the estimators of are functions of the sample size and the non-
exceedance probability. The design life is known to be an important factor for 
determining the uncertainty of the risk of failure of hydraulic structures, and the variances 
of the risk of failure increase as the design life increases. Also, as expected, the variances 
of the risk of failure decrease as the sample size increases. Simulation experiments have 
been performed to assess the applicability of the derived variances of the risk of failure 
for various conditions. As a result, RBIAS and RRMSE decrease as the sample size and 
the design life increase, respectively. And ML gives the smallest RRMSE for relatively 
large nonexceedance probability when the GEV is not skewed, while PWM and ML 
gives the larger RBIAS and RRMSE than MOM does for relatively large nonexceedance 
probability as skewness coefficient are getting closer to 1. And for relatively small 
nonexceedance probability, PWM gives the smallest RRMSE regardless of skewness. 
Also, it is shown that the skewness coefficient has a significant effect on the performance 
of the risk of failure in the sense of RBIAS and RRMSE. 
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Abstract: Distributed parameter watershed models that are physics-based offer distinct 
advantages over conceptual rainfall-runoff models. Vflo™ incorporates routing of 
unsteady flow through channel and overland elements comprising a drainage network. A 
single catchment may be comprised of a few hundred finite elements, and up to a million 
for river basins covering an entire country. Simulation of days of response can be 
performed in seconds depending on drainage network size. Parameters are derived from 
GIS/RS maps with inputs from multisensor precipitation estimates in real-time or post-
analysis. Distributed models better represent the spatial variability of factors that control 
runoff enhancing the predictability of hydrologic processes. Spatially distributed 
parameters derived from soil properties, land use/cover, topography, and input from radar 
or multi-sensor precipitation estimates offer new possibilities for simulating hydrologic 
response on a drainage network basis that is scalable from catchment to river basin. 
Combining terrestrial measurements in GIS format and meteorological output from radar 
and other sensors offers new opportunities for water management. Three case studies are 
presented that demonstrate the application of Vflo™ for different applications and 
watershed conditions/regional climate. 
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Abstract:  The proper collection, storage and availability of data are fundamental to the 
USBR decision-making process.  Key elements of these data are consistency and 
completeness.  In order to achieve these goals, the USBR has retained CADSWES to 
develop a data derivation application that will provide user-defined data transformations 
on sets of detail data to populate more aggregated, higher levels of data storage in a 
timely and consistent manner.  This project requires the analysis, design and rollout of a 
sophisticated derivation application machine, along with support utilities to allow for 
setup and maintenance of the processing.  This paper will discuss the development 
process from an information technology development perspective and the use of such 
proven tools and techniques as top-down, structured analysis, design and quality 
assurance methodologies. A primary goal in using these structured development 
techniques is to ensure the early and continued involvement of the subject matter experts, 
developers and project management.  By embracing a philosophy of collaboration, it is 
possible to produce a requirements definition that captures the functionality of the 
product without becoming bogged down in design and implementation tradeoffs.  Later, a 
development cycle can be executed to produce prototypes that test the proof of concept 
early and often.  These initial development efforts lead to a cycle of implementation of 
additional details and functionality, along with their quality assurance and verification 
against the agreed upon requirements specification.  This development cycle allows for 
the early and continual testing of the entire system and provides a feedback loop allowing 
for quick detection of high-level system problems and their fixes.  Utilizing these 
methods, a complex data processing system can be developed and shipped in a timely 
manner that works according to users’ understanding and needs, and also functions in a 
correct and consistent manner. 
 

INTRODUCTION 
 
Solving the problem of sparse and inconsistent data in the HDB:  The HDB has been 
used in a production mode in several USBR sites since about 1995.  The data in the HDB 
have become a critical part of the planning and operational decision-making process, as 
well as a data warehouse used to mine information to support various research projects.  
The reliability of these data is a direct function of their availability and consistency 
within several time series data stores supported by the HDB.  By availability, we mean 
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the complete filling-in of a series of data with respect to all applicable time steps.  For 
instance, average data gathered at an hourly interval should be properly aggregated to 
provide average data for daily, monthly and yearly intervals.  Furthermore, these higher 
intervals should consistently reflect the values stored in the lower intervals.  The process 
of completely populating time steps from a set of base data and guaranteeing consistency 
had previously been left to the ad hoc execution of an incomplete application.  This 
resulted in HDBs that were sparsely populated and potentially inconsistent over different 
time steps.  The solution decided upon by a team of HDB experts was to create an 
application that would intelligently use base data to derive higher-level, time aggregated 
data on a scheduled basis, using formal, predefined source data and methods. 
 

WHY SHOULD DEVELOPMENT BE STRUCTURED? 
 
Complex applications benefit from more formal system development process 
methods:  It is important to note that a formal methodology is not always necessary for, 
or appropriate to, software production.  There are times when an ad hoc software 
development process is justifiable.  For instance, if the project is small or non-critical, the 
use of a formal methodology may not be important and may even tend to impede the 
delivery schedule.  The challenge is to understand when a project has reached critical 
mass and when a more formal methodology will enhance the product and the delivery 
schedule.  Several factors affect the overall complexity of a development effort.  
However, one benchmark, established in the 1970s, deems a project to be small if it 
contains less than 1000 to 2000 lines of code.  Once this level is reached, the complexity 
of the process tends to grow faster than does the measurement of the number of lines of 
code required to build the application.  It had been suspected that the amount of effort 
required to roll out an application requiring 100,000 lines of code was much more than 10 
times the effort of an application requiring 10,000 lines of code.  As it turns out, the 
scaling of effort may be more like a factor of 50 to 75.  There are many reasons for this, 
but some of the common factors that contribute to this non-linear scaling are: 
 

• Error density tends to increase as the total amount of code increases.  In other 
words, the number of errors per unit of code grows with the total amount of code 
written. 

 
• As the requirements become more complex, the number of people required for 

system implementation increases.  This increases the number of communication 
paths according to the formula n*(n-2)/2, where n is the number of people 
assigned to the project.  This increase in the number of communication paths 
leads to a higher probability that errors of misunderstanding will be introduced. 

 
Possible pitfalls of trying to build a complex system using ad hoc or poorly defined 
methods are: 
 

• Complicated manual procedures are necessary in order to prepare and use the data 
in the system. 
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• Users lack confidence in the correctness of the system and its information, often 
resulting in the creation of parallel backup systems to verify results. 

 
• Using the new system is more cumbersome and time-consuming than the one(s) it 

replaced. 
 

• Some of the functionality remains unused due to ineffective testing and lack of 
user understanding. 

 
• Users need to know internal quirks of the system in order to get required 

information. 
 

• Manual processes are used to pass information because it is difficult to get from 
the new system. 

   
These problems can be avoided with the proper application of a more formal 
development technique resulting in a system that performs according to expectations, and 
that can be delivered in a reasonable amount of time and with a reasonable budget.  After 
considering the Derivation Application and reviewing information from an initial analysis 
effort, it was decided that this system was more than trivial and would require the use of a 
more formal methodology in order to provide an effective product in a reasonable amount 
of time. 
 

AVAILABLE METHODOLOGIES 
 
Basic structures:  Given the need for a system development model, what techniques are 
available and what are the associated advantages and disadvantages?  The common 
methodologies are variations on a similar theme that attempts to provide a clear definition 
of the problem and proposed solution, and involve the correct talent mix to deliver 
according to expectations.  Some of the techniques are very formalized and define a 
series of steps that assume that each step is fully completed and is 100% correct before 
proceeding to the next.  Other techniques use a formalized approach while allowing room 
for innovation through phase overlap, feedback and refinement loops.  However, all of 
the models recognize four main elements or phases of system development and 
deployment.  Those are: 
 

• functional requirements or analysis 
• system design 
• system build 
• system maintenance 

 
Our research has found that the most commonly defined and used system development 
life cycle models are: 
 

• Build and fix 
• Staged or waterfall 
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• Spiral 
• Recursive/parallel or object oriented 

 
In determining this list of possible life cycle models, two others were considered.  They 
are the rapid prototype model and the incremental model.  Each of these seemed to be 
simple variations of the waterfall model.  The rapid prototype model replaces the 
requirements analysis phase of the waterfall model with the development of a throw-
away prototype which is used to drive out functional requirements by focusing on user 
interface specifications.  The incremental model replaces the system build phase of the 
waterfall model with a series of build phases for those parts of the product that can be 
isolated and delivered separately.  It seemed to us that the basic waterfall model can 
easily be adopted to provide these two other models, based on specific projects and 
project team mixes.  Additionally, the Microsoft synchronize and stabilize model was not 
considered since we feel that developing commercial software is a different activity than 
is developing in-house products, and this model simply recognizes that the customer is 
more of a survey respondent than part of the project team and then uses a variation of the 
incremental model to ship product. 
 
The build and fix model is not technically a life cycle model but, rather, represents the 
lack of one. This was the methodology typical of system development in the old days, 
when computers were expensive and people were cheap.  The use of this “technique” 
resulted in expending the system funds primarily on the back end of the system life, in 
the maintenance mode.  This is a good place to make a point of how using a formal 
method for system development leads to more robust systems and frees up expensive 
team resources to work on solving new problems and challenges.  Typical breakdowns of 
the relative costs of each of the four major phases have been documented to be these 
approximate percentages.  For a system development using the build and fix, or lack of 
formal approach, the time and cost spent is approximately 5% on analysis, 5% on design, 
20% on construction and 70% on maintenance.  So, given a development team of 10 
people, their typical activity mix would be that 7 of the 10 are spending full time fixing 
existing systems.  For systems developed with an effective use of a more formal 
approach, the time and cost breakdown is more typically 50% analysis, 10% design, 10% 
construction and 30% maintenance.  So, for that same team of 10 people, now 7 of them 
are devoting their resources to developing new systems to improve the business. 
 
Having decided that our application is complex enough to warrant the use of a more 
formal methodology, we can now investigate the various available techniques and weigh 
their tradeoffs and applicability. 
 
Waterfall model:  The waterfall life cycle model divides the development process into a 
series of sequential steps.  These steps are typically defined as: 
 

• Requirements definition 
• Preliminary design 
• Detailed design 
• Implementation 
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• Unit testing 
• Integration testing 
• System testing 
• System rollout 
• Maintenance 

 
One of the fundamental aspects of the waterfall model is that each step is assumed to 
stand alone and must be completed 100% before moving to the next step.  This type of 
model is comfortable in large, formal organizations and on projects that have high risk in 
the areas of budget and schedule predictability and control.  The original model did not 
allow for returning to earlier stages and making modifications.  Later, when this was 
found to be too restrictive, a feedback cycle was incorporated which allowed the team to 
revisit and modify earlier phases.  However, allowed only for changes, and not 
enhancements, to be made, and the affected step had to be “closed out” and assumed to 
be complete before the changes were propagated to following steps.  This implies, for 
example, that the requirements analysis is 100% complete before moving into any design 
or build work.  This forces the development team to work in an artificial manner that 
studies have shown to be counterproductive because the team’s natural creativity is 
stifled.  These studies have shown that the software development process done by experts 
tends to move between very formal and very informal sessions that can blur the 
boundaries defined by the system development stages.  
 
Steps in a typical waterfall development method life cycle: 

 

 
Spiral model:  The spiral model uses concepts of prototyping and evolutionary system 
implementation to primarily identify and evaluate risk and cost.  Using this model, before 
any work is started, a risk analysis and cost/benefit analysis are completed and evaluated.  
This model divides the development activities into four quadrants through which the 
effort proceeds.  Each time a quadrant is visited, the scope is increased based on go/no go 
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decisions made in the previous efforts.  Thus, an expanding spiral effect that finally leads 
to a deliverable system is created.  The four quadrants of activity are: 
 

• Determine project objectives, such review alternatives as build or buy, and 
identify such constraints as time available, budget and staff talent availability 

 
• Evaluate the defined alternatives and identify the risks, and choose alternatives to 

minimize those risks 
 

• Develop a prototype based on previous work and verify its effectiveness 
 
• Reevaluate and plan the next cycle 

 
Each trip around the quadrants is called a “round” and a commitment to proceed or a 
decision to abandon is made at the end of each round.  Rounds zero and one are generally 
concerned with project feasibility and risk assessment.  If there is a “go” decision at the 
end of round one, a more detailed analysis and concept of operations is begun.  At this 
point, the spiral model borrows many of the concepts of the waterfall model, and rounds 
two and three result in functional requirements specifications and preliminary design 
decisions.  However, each round from here produces a working prototype and a new 
feasibility study and risk tradeoff analysis.  Thus, the spiral model borrows several 
concepts from the waterfall model but incorporates them in a framework of feedback 
loops to assess the viability of the proposed system in an ongoing manner, adding to the 
flexibility of changing the implementation based on outside influences.  It also borrows 
heavily on the rapid prototype cycle or methodology to provide end users with previews 
of the system quickly so that they can continue refining requirements and determining if 
the finished product will meet their needs.  In other words, the spiral life cycle model 
defines an organized approach to prototyping.  This seems to work well in an 
environment where many of the options, requirements and constraints are not known or 
not well understood initially, such as a research project.  If this is a development effort 
where the product, options, requirements and constraints are fairly well-defined and 
understood, the spiral approach is not as appropriate or necessary as are other less risk 
assessment driven techniques. 
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Recursive/parallel or object oriented model:  The recursive/parallel model 
incorporates the idea that software is developed by applying work from all the major 
development cycle phases in differing amounts depending on the progress of the project.  
It has been characterized as “analyze a little, design a little, build a little, test a little” and 
then repeat the process.  It is actually an evolution of the waterfall model that 
incorporates ideas about the psychology of system development mentioned in the 
discussion of the waterfall method.  The recursive/parallel model considers the “real” 
way that expert system developers work and allows for more creativity by the project 
team while still understanding that different phases of the project have different 
deliverables.  This approach evolved from people attempting to apply object-oriented 
thinking to projects.  Projects of significant size produce requirements that are at different 
levels of abstraction.  While some are broad and high-level, others are very detailed.  This 
approach allows for all the requirements to be examined and for choosing some whose 
detailed analysis can be deferred until later in the project timeline.  Also, in traditional 
project methodologies, like the waterfall life cycle, analysis and design are very different 
phases and disciplines using very different techniques.  The recursive/parallel method 
tends to smooth the distinction between these phases.  Since many people who worked in 
a build and fix mode are comfortable thinking in design terms, this approach can take 
advantage of those talents while still producing an effective set of functional 
requirements.  The diagram indicates how the different phases of the project life cycle 
now interact and overlap using the recursive/parallel approach. 
 
Life cycle phases intermix in recursive/parallel model: 
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ADVANTAGES AND DISADVANTAGES 
 
Each of these models offers advantages and incurs disadvantages and these tradeoffs 
should be understood in order to select the best methodology of work for a specific 
system implementation project.  We feel that it is important to realize that there are no 
magic bullets available for software system development and that each project should 
work to choose a method based on its particular personality.  We will now look at some 
of the tradeoffs involved in each of the life cycle models we have looked at. 
 
Build and fix:  As mentioned earlier, this is really the lack of a life cycle model.  About 
the only advantage that might be attributed to this approach is that it defers doing the hard 
requirements analysis until the project has reached a crisis stage and is either abandoned 
or totally restructured.  For systems with any level of complexity, this approach should 
not even be considered.  There is always a danger that this lack of methodology is chosen 
by default. 
 
Waterfall model:  The waterfall approach is very structured and disciplined.  Formal 
documentation and sign-off procedures enforce this disciplined approach.  A phase is not 
considered completed until all documentation is done and approved.  The documentation 
provides concrete evidence of progress and milestone achievement, which is embraced by 
management.  This tends to add cost to the front end of the project while cutting time in 
the build and delivery phases, since all decisions will be made before the implementation 
begins.  The biggest problems with this method occur because the subject matter experts 
are required to have perfect foresight.  Once the system is specified, there is no easy 
method to modify the functionality.  This results in delivered products that may not meet 
the real needs.  This very rigid approach can work well if the requirements are stable and 
completely understood. 
 
Spiral model:  The spiral model’s biggest advantage is in early detection of high-risk 
situations and the ability to make a go/no go decision at the end of each round.  This is 
because there is an explicit risk analysis designed to identify potential problems as more 
is learned about the system requirements and implementation.  This relies heavily on the 
team being experienced and able to accurately assess risks.  A major drawback to this 
approach is that risk analysis itself is very expensive and adds significantly to the overall 
delivery cost.  Also, some environments may not lend themselves to being able to easily 
cancel a project, such as one that has been contracted to third parties. 
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Recursive/parallel model:  This model’s strength is that it recognizes the “real” way that 
development team members think about software projects.  That is, the phases tend to 
overlap and there should be an allowance for iterations of the entire cycle.  It allows for 
non-critical specification and design decisions to be postponed until the infrastructure 
will support an appropriate development.  This also tends to involve all different skill sets 
of the project team on an early and continuing basis.  The danger associated with this 
approach is that it can easily degenerate to a build and fix scenario, or to a continual cycle 
of “code a bit, test a bit,” where a final product is never completely delivered. 
 
Thus, each of the models has significant strengths and weaknesses, and often the type of 
project is not clear enough to definitely recommend one over the other.  Also, other 
criteria should be considered, such as the type of organization, management maturity and 
style and the skills of the team members, before trying to implement a particular 
methodology.  Often the best suggestion is to weigh the advantages of each model in 
relation to what is known of your project and then to select ideas from each model to 
build a custom technique. 
  

DERIVATION APPLICATION APPROACH 
 
In the opinion of one of the authors, a key plus in choosing a more formal system life 
cycle is that it provides project visibility to the entire team early and often.  In deciding to 
use some structure, we are pushed to enlist the input of subject matter experts, systems 
analysts, developers, and project management from the very beginning and throughout 
the life of the project.  This leads to the concept of joint application development.  Joint 
application development has the major goal of emphasizing and involving the entire team 
for the entire duration of the project in an environment that is conducive to focusing on 
the new project in planned, dedicated work sessions.  This increased participation leads to 
the following benefits: 

 
• Improves relationship between users, management, and developers.  

 
• Improves system literacy of users, and subject understanding of developers. 

 
• Conflict resolution becomes responsibility of entire team, with emphasis on leads. 

 
• Improves systems analysis time by focusing work sessions and gathering all project 

resources simultaneously. 
 

• Lowers cost of systems development by defining requirements more completely and 
correctly. 

 
• Increases team satisfaction, confidence, and support. 

 
• Reduces maintenance time due to earlier completeness and correctness of specification. 

 
Thus, during the early ramp up of the Derivation Application development effort, a team 
was formed that represented the main user community of the HDB, USBR and 

 9



CADSWES project management representatives, and the CADSWES and contract 
developer resources assigned to the project.  It was initially felt that the user interface 
portion of the project was relatively small and well-understood, so an early prototyping 
approach was not necessary.  Instead, we felt that the underlying functionality of the 
application needed to be investigated in some detail to provide for a more complete 
implementation and to allow the product to be easily extensible.  We therefore produced 
a working document that described in functional terms the requirements of the new 
system, tradeoff decisions that were purposely made, and outstanding issues that require 
discussion and resolution.  This document has been used as an informal contract and 
guide for the development and deployment of the application.  The document was 
produced as a result of work sessions involving the entire team, mostly via conference 
phone calls due to geographic constraints of the team members.   
 
As this document evolved, it became clear that while a portion of the requirements was 
very fundamental and not subject to much change or interpretation, other aspects were 
either not fully understood or of a much lower priority.  Using this information, we 
constructed a subset of the requirements document that we called phase 1.  We felt that 
phase 1 could be implemented in a few months, would provide a solid foundation for 
additional increments, and would probably not change as the application extended.  Using 
the phase 1 requirements subset, we were able to deliver a working sample within 6 
months of the initial project kickoff.  This foundation product is being deployed in a 
parallel test mode in two of the three HDB user sites participating in the effort.  During 
this parallel test phase, the application will continue to be extended and tested until it is 
felt that all functionality required to move it to production status is available and proven.  
Our methodology then is a hybrid, using ideas borrowed from all of the models.   
 
We initially constructed a fairly formal requirements document with the understanding 
that it may need to change as we learn about the system.  We used ideas from the spiral 
model to do some risk assessment in defining a rollout plan for the new system.  In 
addition, we are employing some incremental build ideas for the construction phase in 
order to quickly provide test product that can be verified by real users.  Almost the entire 
cycle has incorporated a lot of the recursive/parallel thinking process in that we recognize 
that some design issues must be addressed in order to fully understand functionality 
implementation issues and so that early coding can occur on foundation parts.  However, 
we specifically have not needed to concern ourselves with a lot of physical design or 
infrastructure issues.  This is because our platform mix for the application was defined by 
the current HDB implementation.  We feel that, although we haven’t embraced one 
particular development methodology, we have successfully blended the concepts and 
produced a technique that works for this project.  We are confident that the key to its 
success is really due to the common thread in all the life cycle methods of early and 
continuous involvement of the entire team.  This affords the opportunity to define the 
right solution with the right tradeoff decisions and ensures that all team members have a 
good understanding of the process and the product. 
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INTRODUCTION

The primary mission of the National Weather Service (NWS) is providing hydrologic forecasts
and warnings for the protection of life and property.  An additional mission component is to
provide data for a national information database and infrastructure.  Both mission components
are completely dependent on timely and reliable hydrometeorological data, in a form usable by
internal applications and external users.

As part of the Advanced Weather Interactive Processing System (AWIPS) operating at each of
the NWS field offices, there exists a set of software components for handling
hydrometeorological data.  These systems ingest and decode the incoming data, perform quality
control on the data, monitor the data for indications of potentially hazardous conditions, and post
the data in a relational database from which applications can use the data, and distribute and
disseminate the data to external customers.  These data processing and storage systems provide
the foundation for the Hydrology program at NWS Weather Forecast Offices (WFOs) and River
Forecast Centers (RFCs).  The robust,  application-independent design of the database
architecture and data processing infrastructure facilitates development of local applications.

This paper describes the flow of hydrometeorological data in the NWS field office from its entry
point into the local AWIPS systems, to the processing and storage of the data in the respective
database(s), and to its exit to external systems.  The focus is on the data operations of WFOs,
with some discussion given to additional data operations of the RFCs.

OVERVIEW

At its simplest level, the data flows as a constant stream of operational data decoded and stored
in a database, residing alongside existing parametric and reference data.  Applications use the
data and eventually, the operational data becomes out-of-date and are purged from the database. 
To allow multiple applications to access the data and to provide an efficient, manageable method
for storing and retrieving data, a relational database is used to store the data.  The WFO
Hydrologic Forecast System (WHFS) which serves the WFO Hydrology program, makes
extensive use of this database, referred to as the Integrated Hydrologic Forecast System (IHFS)
database (Glaudemans, 2002).
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River Forecast Centers operate the NWS River Forecast System (NWSRFS), a large-scale river
modeling system that was designed long before the advent of commercial relational database
systems.  Most of the data used by RFS applications are stored in random access, indexed file
systems which comprise the Operational Forecast System (OFS) database.  The data in the IHFS
are transferred to the OFS database using a regularly-run data transfer function.  RFC
applications use the OFS database as their primary database, with some applications accessing
the IHFS database.  This high-level flow of data is depicted in Figure 1.

DATA INGEST

A large, steady stream of hydrometeorological data is ingested into the AWIPS IHFS database. 
These data are received via AWIPS communications mechanisms.  The bulk of the data is sent
via the Satellite Broadcast Network (SBN), which provides point-to-multi-point data
communications between a central Network Control Facility (NCF) and field sites.  The data sent
via the high-bandwidth SBN include satellite data, model data, text data, graphic data, and point
data. The Wide-Area-Network provides point-to-point and point-to-multi-point communications
between all sites and has a much smaller bandwidth than the SBN.

While some radar data is distributed nationally via the SBN, field offices receive a large amount
of their radar data via dedicated radar modem lines which connect the local AWIPS system to
nearby radars.  The radar data products  are ingested by the WHFS and stored in the IHFS
database by the DecodeDPA application.  The primary radar product of interest is the Digital
Precipitation Array (DPA) product, which provides hourly precipitation estimates updated every
5-6 minutes. 

A significant amount of hydrometeorological data are received via the SBN from the
Hydrometeorological Automated Data System (HADS), which is a real-time data acquisition and
data distribution system that processes data from approximately 8500 data collection stations
measuring environmental data at locations throughout the country.  The HADS system receives
the raw binary sensor data, decodes it, and transmits it to field offices via the SBN in the
Standard Hydrometeorological Exchange Format (SHEF) (NWS, 1998).  Another important 
source of data is the METAR-encoded reports from the over 900 Automated Surface Observation
Systems (ASOS) data collection sites scattered around the county, primarily near airports.  These
METAR reports are converted into SHEF format by the WHFS Metar-To-SHEF application.

Data Ingest    IHFS
Database

Data Transfer

WFO Applications

    OFS
Database

RFC Applications
Figure 1. Overview of 
Hydrometeorological Data Flow
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Each NWS office has local data collection systems that provide critical data not available on the
national SBN.  The Local Data Acquisition and Dissemination (LDAD) system is connected to
these local data systems, which are usually operated by local governments.  LDAD
communicates with the systems using the appropriate protocols, often using two-way polling
capabilities to request data.  The collected data are decoded from their local format and encoded
into SHEF.  All SHEF data, regardless of its source, are decoded and posted into the IHFS
database (Office of Hydrological Development, 2000b).

Products generated at NWS offices are made available to all other offices.  Examples of this are
river forecast products and flash flood guidance products generated by the RFC that are sent to
the WFOs via the SBN.  All AWIPS sites receive all products available on the SBN; an office-
configurable product identifier filter is applied at the front end of this data stream to minimize the
processing of unwanted products. 

DATA STORAGE

The success of the NWS hydrology program depends in large part on the data processing and
software applications provided to the NWS forecaster.  These applications, in turn, depend
completely on the availability and usability of real-time operational data and relevant reference
data.  The storage of the these data has evolved considerably over time and today includes the
IHFS database and the OFS database (Roe, 1998).  The IHFS and its associated features are
discussed in the following subsections, followed by a brief discussion of the OFS database.

IHFS Database:  The IHFS database is the centerpiece data repository for the WHFS
applications which run at both the WFOs and RFCs, and for select RFC applications.  It also
serves as the front-end database feeding the data to the OFS database used at RFCs.  The IHFS
database provides an enterprise rather than an application-specific approach to data management,
whereby data are stored in a logical structure dependent upon the data, not on any given
application.  The database design follows modern database design rules by using a “normalized” 
form for data structure and relationships, in which no data are duplicated and data dependancies
are established as part of the data structure.  In a few aspects, the IHFS database table design is
not in the “normalized” form, because the normalized form resulted in unacceptable
performance.  In these cases, a de-normalized form is employed that results in greatly improved
performance.

The physical structure of the IHFS database consists of tables and views, database constraints
such as primary and foreign keys, table indexes, and database procedures and triggers.  The
database is documented in detail using Entity-Relationship Diagrams, Data Flow Diagrams, Data
Dictionary, and Release Change Notes available at the following web address:  
http://hsp.nws.noaa.gov/oh/hrl/ihfs/database/html/databases.htm.

The database contains 168 tables, each of which have primary keys to prevent the table
column(s) data from having duplicates.  Foreign keys are also used to restrict the referencing
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values in specified columns to those referenced values in the same column of another (i.e.
foreign) table.  There are indexes placed on selected columns in large tables for which fast
retrievals are important.  Because of the (mostly) normalized form of the database design, data
are contained in one and only one table, even if the data relate to multiple entities.  To allow for
quick retrievals of data that are spread among multiple tables, there are 19 data “views” in the
database, which act as virtual tables.  There are 11 stored procedures which process and
distribute data using an algorithm defined in a   stored procedure language.  Lastly, 6 triggers are
defined, on 3 separate tables, to “trigger” some specific action upon an insert or update of data in
the table.  Typically, the action taken is to invoke one of the aforementioned stored procedures.

The IHFS database contains these major categories of data: operational observations and
forecasts for stations; operational radar and precipitation analysis grids; reference data for
stations, areas and polygons; and application and database control parameters.  In the WHFS, the
HydroBase application is the primary means by which reference and parameter data are managed,
while the HydroView program provides the primary viewing and editing tool for the operational
data.  Each of the data categories are discussed in the following subsections.

Operational Data:  The operational data stored in the IHFS consists of station data and gridded
data.  The operational data dominates the IHFS in terms of using the most space, as the reference
data and control parameters occupy relatively little space.  The efficient storage of the station
observation and forecast data is critical for the proper execution of all applications.  The storage
of this data is based on the SHEF data model, where the database table columns correspond to
the fields defined in the SHEF-encoded data.

With each station data value are stored the following SHEF attributes: the station identifier, the
time of the observation/forecast, the physical element (e.g. temperature or river stage), the
duration (usually instantaneous, but non-zero for elements such as precipitation), the type (e.g.
observed or forecast), the source, the extremum (i.e. whether it’s a minimum or maximum), an
external qualifier code, and a revision indicator code (i.e. whether the value has been revised). 
For forecast data, additional attributes indicate the time of the forecast, and any associated
probability for the forecast value.  Non-SHEF attributes associated with each value include the
quality code indicator, the time the value was posted, and the time and identifier of the data
product that contained the value.

A summary of the station data stores is shown in Table 1.  The physical storage of the SHEF data
is based on the value’s type code, which indicates whether the data value is either Observation,
Forecast, Processed, or Contingency.  Processed and Contingency data are each stored in a table
dedicated to that SHEF data type.  Because Processed data are generally always for observations,
an option exists to store the data as Observation data. In practice, the Processed and Contingency
data represents a very small fraction of the station data.  Processed data is not used often, and
Contingency data are used primarily to store Flash Flood Guidance (FFG) values.
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The Observation and Forecast data are not stored in a single table for each type; rather, each type
of data is distributed into separate tables based on the value’s physical element code. 
Specifically, the Forecast data are split into the following tables: Forecast Height, Forecast
Discharge, Forecast Temperature, and Forecast Precipitation.  These four forecast data types
represent the bulk of the forecast data processed.  Any other forecast data are grouped together in
a single table simply called Forecast Other.  The observed data are stored in one of the following
tables: Agricultural, Discharge, Evaporation, FishCount, GateDam, Ground, Height, Ice, Lake,
Moisture, Power, Precipitation, Pressure, Radiation, Snow, Temperature, WaterQuality, Weather,
Wind, and Y Codes.  Distribution of the observed and forecast data into the appropriate tables is
performed by stored procedures, allowing applications to easily distribute data by invoking the
stored procedure.  

The IHFS database stores all data that can be encoded into SHEF, and SHEF is capable of
representing essentially all of the hydrometeorological point data.  Besides these general methods
for storing any point data, the IHFS database includes a collection of supporting data tables. 
There is a table for storing the raw text products which contain the encoded data, and a table for
tracking the linkage between products and the station data within them that complements the
product information stored with each value.  The only text products ingested are those that pass
through the product filter.  Within a product, there are stations or specific station data that are of
no interest to the local office.   An additional filter is applied to filter out stations and or specific
physical element-type source data from further processing.  If desired, “unknown” station data
can be stored in a separate table for later review.  A Comment Value table exists for storing any
text comments that SHEF allows to be associated with each value.  As part of the WHFS quality
control operations, data identified as invalid can be stored in the Rejected Data table.  The Alert
Alarm Value table stores any data that are identified as indicating hazardous conditions as part of
the WHFS Alert/Alarm operations.  Lastly, to allow quick retrieval of mission-critical data, there
is a Latest Observed Value table for storing the latest data, and a River Status table for storing the
latest observed and maximum forecast values for river stations. 

Gridded data containing precipitation grids are stored in the database in a special manner.  For
performance and space reasons, the database tables only contain information referencing each

Operational Station Data

                          Observed

Height/Stage Moisture Pressure
Discharge WaterQuality Radiation
Precipitation Lake Agriculture
Temperature Ground Weather
Snow GateDam Wind
Ice Y Codes Power
Evaporation FishCount

  Forecast

  Height/Stage
  Discharge
  Precipitation
  Temperature
  Other

Processed

--

Contingency

--

Table 1.Operational Station Data Stores
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grid; the actual gridded data are stored in binary files.  A column in the database table provides
the name of the file containing the data, although in the event of the normal case where there is
no rain, then no file is generated since it would simply be a large grid of all-zero values.

Reference Data:  The IHFS reference data are the data sets that define the stations, areas, and
their static attributes.  Stations contain a large volume of reference information, including
detailed descriptions of the station location, data sensors, reporting characteristics, geophysical
qualities, historical events, interested parties, cooperative observers, etc.  For stations at river or
reservoir locations, there are additional reference data sets. Much of this type of reference data is
itemized in the NWS Form E-19.  

Geographic reference data include coordinate and other information for areas such as hydrologic
basins, counties, and NWS zones, and for vectors such as rivers, streams, highways, and roads,
and for point entities such as cities, towns, and radar locations.  A set of data tables also exist for
describing the physical, hydrological, and dam-break scenario data for dams, in the event of a
catastrophic failure of the dam.

Parametric Data:  The IHFS application control parameters dictate how the operational data sets
are processed.   Some of these parameters are specific to individual stations, such as the
thresholds used for the quality control operations and the alert/alarm monitoring operations.  The
Ingest Filter information is the primary method by which data for known locations is filtered by
posting and processing applications.  Other parameters control how various programs operate;
the user can change these parameters to control program behavior, such as computational
methods or colors for displays.  For many fields in the database whose values are limited to a
certain domain of possible values, lookup tables are used to contain the valid values.

File Storage:  For WHFS data that does not fit into a relational model, a file-based storage
method is used.  The RiverPro product formatting application contains template phrase file and
product content control files, and the Time Series application uses a configuration file that allows
local control for pre-defining time series graphs to generate.  As mentioned, the radar
precipitation estimates are also stored in binary files.  Lastly, essentially every program and script
in the WHFS generates a log file, which are stored in file directories.  A job that cleans out log
files is typically executed four times a day to prevent the excessive buildup of these files.

OFS Database:  The IHFS database contains observational data which is transferred to the OFS
database by a transfer operation that executes regularly, typically on an hourly or sub-hourly
basis.  The transfer program writes the data into the Pre-Processor database, which is one of the
four primary databases in the OFS.  Using the operational data in the Pre-Processor database and
the processing instructions in the Pre-Processor Parametric database, a set of programs generates
time-series of data that are written to the Processed database.  The Processed database is then
used by the hydrologic and hydraulic river forecast models to generate the forecasts stored in the
Forecast database.  Other databases such as the Calibration database and the Extended
Streamflow Prediction database are used for special purposes at the RFC.
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DATA PROCESSING

The IHFS database has evolved over the years to be a rather comprehensive data storage entity
capable of storing every type of hydrometeorological data set.  It has grown more rapidly than the
applications which use the data for performing the NWS mission.  New and enhanced
applications are being regularly added to the WHFS application suite to exploit the incredible
volume of information embodied in the data sets.  As new applications are developed, the
relational database is well-suited to evolve with the needs of the applications.  A few of the
application features that relate to the database design and data flow are discussed in this section.

Program Controls:  The numerous applications which use the IHFS data are designed to be
flexible to the user needs, whether the applications be interactive or non-interactive, graphical or
command-line driven.  The control parameters in the database allow applications to be
configured for different offices, for different users, for different scenarios, etc.  Some classic
example of parameters are display colors, or quality control and alert/alarm thresholds.

For those parameters which can not be readily modeled, the hydrometeorological applications use
a “token” file concept.  A token file is simply a list of tokens and their alphanumeric values; a
single file contains tokens for all applications.  An application that needs instructions or
information on how to perform a function references this global token file and derives its value;
if a value is not found for some reason, the application has an application default value it can use. 
The token file is actually a collection of three hierarchical files, where the application first checks
an optional user token file, and if the token is not found, checks an office-configurable file.  If the
token value is still not found, then it checks the nationally-provided token file which is always
available.

Quality Control:  The IHFS database has many facets of its design for support of various
Hydrology program requirements.  These include management of station versus gridded data,
management of reference and parameter data with logical relational links, support for alert/alarm
monitoring.  One particularly noteworthy area of its design is the quality control infrastructure for
station data.

As part of the IHFS quality control model, every data value in the IHFS database has an
associated quality control code.  Applications test the quality of the data value and store the
results in the bit-encoded quality code attribute.  Initially, the value of the quality code attribute is
based on the data qualifier code defined externally via the SHEF encoding of the value.  Often,
this data qualifier is not used, in which case the initial quality code attribute is set to “good”.

The model employs a three-tier strategy, in which the quality of a value is defined as either Good,
Questionable, or Bad. Bad indicates that the data value is known with certainty to be invalid, and
Questionable indicates that the value has failed at least one test that makes suspect the validity of
the value, but is not known with certainty to be Bad.  If a quality code value indicates Good, then
the value is either truly “good”, or the value has not been identified as being Questionable or Bad
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by failing either an internal test or being identified by external sources as being “bad”.  Incoming
data are tested and if the data fails the quality test, the quality code is set accordingly.  Bad data is
either commingled with the regular data, or is directed to a table for storing rejected data (i.e. a
“trash can”), because on the local preferences.

The bit-encoded nature of the attribute allows the results of up to 20 tests to be stored in a
compact manner.  As data are ingested, each value is checked against pre-defined thresholds to
determine whether the value is within gross limits, or is within reasonable limits.  If a value is
outside the gross or reasonable range, the quality code is set to indicate that it failed the test and
the value is considered Bad or Questionable, respectively.  Regularly-scheduled rate-of-change
checks are performed that compare the numerical difference between two instantaneous values,
separated by a known time duration, against a pre-defined threshold.  If the threshold is
exceeded, then the quality code is set to indicate the value is Questionable.  Other checks can be
easily added, either as a local application developed using the published knowledge of the quality
code infrastructure, or as a nationally provided application. 

As applications access data, they are instructed to access (or ignore) the data based on the quality
level within which the value lies or on the results of specific tests.  The WHFS applications
provide comprehensive tools for the user to review and redistribute the data based on its quality. 
These tools can move data between the “regular” data tables and the Rejected data table.  There
are user interfaces to review all data in detail; they allow the user to filter data so as to view only
Questionable or Bad data, to view only Rejected Data, etc..  The data can be deleted or edited. 
Any modified data are marked as being manually edited, which by the rules of the WHFS quality
control model, is assumed to indicate a Good value.

External Distribution:  The hydrometeorological data stored within AWIPS probably represents
the most complete repository of high quality operational data for the local NWS office area. 
While much of the data are received from national sources, a large amount of data is received
locally from the LDAD system and from cooperative observers.  All these data are quality
controlled and can be provided to external users, including other government agencies, the
private sector, the global community, and of course, the American public.  The data values and
their associated attributes can be encoded into SHEF or other formats by the WHFS or locally-
developed applications.  The data can be distributed via LDAD or via the Message Handling
System (MHS) features of the AWIPS Communications Network (ACN).  Once the data are
available on the ACN, they can be provided to any interested party.  The data are also available
for presentation on office web pages and can be formatted into public products by WHFS
applications.  Other methods can also be employed to allow the external customers to benefit
from these valuable data sets.

Local Applications:  Nationally developed enhancements and additions are being made to the
application suite which uses the IHFS.  However, the needs of the NWS offices are often so
unique that the national software cannot possibly meet all the local needs.  The development of
applications by local offices is encouraged and aided by the presence of the well-documented and
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designed database IHFS.

In addition to the detail design documents for the database itself, there are operation guides
available for the SHEFdecode application which manages the complex data posting into the
IHFS, and for the Quality Code operations (Office of Hydrologic Development, 2000a; Office of
Hydrologic Development, 2000b).  Software libraries for handling the many general and specific
needs of data handling are also available for distribution to local offices.

SUMMARY

The operational requirements for hydrometeorological data of the NWS Hydrology program have
resulted in the evolution of a well-designed relational database that serves the WHFS
applications used at WFO offices and provides data to the OFS applications at RFC offices.  This
formally documented database contains station and gridded operational data, and reference and
parametric data.  A high volume of data are ingested from a variety of sources and in a variety of
formats, posted into the database, and made available to the scientific applications and
distributed to the public and external customers.  The database will continue to adapt to the
changing needs of the hydrology program to meet the goals of the NWS mission.
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Abstract: A common, extensible interchange file format for water resource data will eliminate 
data access hassles and computer program version dependency, and will provide upward 
compatibility. Hydrologic data are transmitted and archived in many forms, and each computer 
application to analyze them has specific data format requirements. Also, popular commercial 
modeling applications require “import files” in inflexible formats that change when subsequent 
versions are developed, and produce “export files” using their own specific formats. The clear 
choice for the basis of a common format is the Extensible Markup Language (XML). Other 
sciences have developed XML-based file format standards for their own data, and computer 
industry leaders include embedded XML support as a basic component of their software 
development kits on all computer platforms in wide use today. Establishment of a standard will 
permit all hydrologic data management schemes to seamlessly interface with all hydrologic 
modeling programs. Scientists and engineers will spend zero time converting data between 
disparate, incompatible formats or repeatedly writing software tools to accomplish this. Future 
data requirements can merge with the proposed file format without invalidating older data files. 
 

MOTIVATION 

Imagine this scenario: You've been predicting watershed runoff for planning and regulating 
studies using the EPA SWMM program, with rainfall data, watershed properties, and model  
parameters properly specified in neatly formatted ASCII text files. You get and submit SWMM's 
reports of results in other text files. In fact, the review agency to which you submit plans and 
permit requests requires this. 

Then–for whatever reason–you must change horses in midstream and use the Corps' HEC-HMS 
program. This program uses precipitation data in an HEC-DSS database and has multiple files 
with watershed properties and parameters. How on earth do you convert your SWMM input files 
to those required by HEC-HMS? The programs include the same or similar conceptual models, 
and they require the same or similar information about watershed and channel properties. Can 
this information be shared somehow? Today the answer is “No.” However, if a common 
extensible interchange file format is adopted, this could quickly and easily change to “Yes.” And 
with this common format, much of the work to change horses can be fully automated. 

What we do now: Hydrologic data are a critical and essential part of nearly every part of 
hydrology. Hydrologists and engineers alike use these data for research studies, planning, and 
forecasting. Knowing “what’s up” (precipitable moisuture), and “what’s goin’ down” (river 
flows) are essential. 

As with all computer information, we need to move data around, sometimes in large quantities, 
other times in small quantities but with time of the essence. These data are transmitted and 
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archived using many media, and each computer application to analyze them has specific data 
format requirements. For example, data may arrive to us encoded as Standard Hydrologic 
Exchange Format (SHEF) or be retrieved directly from a relational database.  

We then analyze them using customized computer programs. Popular commercial modeling 
applications require “import files” in inflexible formats that change when subsequent versions 
are developed, and produce “export files” using their own specific formats. Examples include 
preprocessors and postprocessors for modeling programs such as the many variants of SWMM, 
and recent tools that link such programs to inundation-mapping applications (HEC-GeoRAS). 

Standards are part of modern software: Standards established in the late 1990s for application 
interoperabily (Microsoft’s Component Object Model and Sun Microsystems’ Common Object 
Request Broker Architecture) have long since matured and are widely used, especially in 
business applications. Microsoft Corporation devised a way for programs developed for their 
Windows operating system to write output to virtually any manufacturer’s printer. It had been 
commonplace for many years to write Java or Visual Basic applications that wrap around legacy 
hydrologic and hydraulic modeling programs written in Fortran or C using these technologies. 
More recently, those modeling programs were being rewritten using the current technologies and 
deployed as components themselves, enabling easy reuse and good maintainability. Despite 
those application standards, we did and must still confront the problem of data formats. Tools 
still write out in proprietary formats and demand specially-formatted input. Moreover, often 
when the computer tool is updated, the data formats change! 

A STANDARD FILE FORMAT 

XML Overview: A common, extensible interchange file format for water resource data would 
virtually eliminate both data access hassles and computer program version dependency, and 
provide upward compatibility. Fortunately, computer scientists already have developed a clear 
choice for us. Since late 2000, the Extensible Markup Language (XML) has come to dominate 
the software development profession. XML is an accepted and flexible non-proprietary file 
format widely used to encode and transmit all kinds of data. Other sciences and industries have 
developed XML-based file format standards (called XML schemas) for their own data, and 
computer industry leaders such as rivals Sun Microsystems and Microsoft include embedded 
XML support as a basic component of their software development kits on all computer platforms 
in wide use today. 

Establishment of an XML schema for hydrologic work would: 

• Encourage developers of hydrologic modeling software to work with XML files conforming 
to that schema. 

• Permit all hydrologic data management methods to seamlessly interface with all hydrologic 
modeling programs.  

• Enable scientists and engineers to spend zero time converting data between disparate, 
incompatible formats (or repeatedly writing software tools to accomplish this). 
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• Allow future data requirements to merge with an established file format without invalidating 
files conforming to the older standard. 

Finally, even if a totally new hydrologic XML schema were required, existing XML files would 
not be obsolete. Even disparate XML-based formats are easily transformed from one to another 
using the Extensible Stylesheet Language (XSL) templates, a language well-known to all current 
software developers. 

XML In Action: Figure 1 is an excerpt from a watershed model configuration file. Just look 
through the text there, and see if you can figure out what data are stored there. This file is 
machine-readable and self-documenting. More than that: it is machine-writable too! 

 <Basin ID="Oak10123BC"> 
  <Name>Oak Street d/s of gage 10123</Name> 
  <Area Value=".52" Units="km2"/> 
  <MeanElev>839</MeanElev> 
  <LagSwitch>True</LagSwitch> 
  <!-- Dudley changed on 7/15/02 --> 
  <InfRate> 
   <Type>IC</Type> 
   <Rate>.04</Rate> 
   <!-- Was .02 in/hr in revision 3 --> 
   <Units>in/hr</Units> 
  </InfRate> 
  <ImperviousFract>.85</ImperviousFract> 
  <UseGutter>False</UseGutter> 
  <PrecipZone>1</PrecipZone> 
 </Basin> 
 <Basin ID="JunctionCanyon"> 
  <Name>Junction Canyon near to Las Vegas Wash</Name> 
  <Area Value="4" Units="km2"/> 
  <MeanElev>920</MeanElev> 
  <LagSwitch>False</LagSwitch> 
  <InfRate> 
   <Type>IC</Type> 
   <Rate>.12</Rate> 
   <!-- Was .02 in/hr in revision 3 --> 
   <Units>in/hr</Units> 
  </InfRate> 
  <PrecipZone>1</PrecipZone> 
  <Diversions>3</Diversions> 
 </Basin> 

 
 
← values can have units 
 
← this is a comment 
 
 
 
 
 
 
 
← lines indented for 
readability, not required 
 
 
 
 
 
 
 
← this “Basin” need not 
have same structure as 
previous “Basin” 
 

Figure 1. Sample XML file 

 

MANY APPLICATIONS TO WATER RESOURCES 

Example: Computer Model Input Files: Say, for instance, that your organization has devoted 
tens of thousands of dollars to developing hydraulic models for a hundred miles’ worth of river 
reaches. You used the state-of-the-art tool, the Corps of Engineers’ HEC-RAS, to do this. Now, 
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you want to use HEC-RAS as part of a river forecasting procedure. HEC-RAS isn’t well suited 
for this purpose, because it can’t be executed in batch mode in a reliable fashion. You decide to 
change your hydraulic models from HEC-RAS to the old standby HEC-2.  

Or, you have been using computer program SWMM for many years; in fact, your governing 
board specifies this program for all drainage studies in your jurisdiction. Now, however, you 
want to use Brigham Young University’s WMS program for its spatial data capabilities. Granted, 
you probably can’t do a 100% automated conversion, because these programs have different 
capabilities, but wouldn’t it be a tremendous timesaver to have the bulk of the translation 
accomplished automatically? 

In both instances, you could piece together a one-off translator program using a text-processing 
tool. Or, you could wait until the developers of your SWMM version create an specialized export 
tool. A better solution is ilustrated in Figure 2. In this figure, parsing programs convert from 
various hydrologic model input files into a common “Hydro-XML” format file. Then, extensible 
stylesheet language templates (XSLT) are employed to “render” that common file as hydrologic 
model input files. The work required to develop a model file translator is thereby split into two 
parts: converting from the specific file format into the common format, and converting from the 
common format into the specific format. 

Hydro-XML 
format XSLT

XSLT
HEC-1 
input file

SWMM 
input file

WMS
import fileXSLT

HEC-1 
input file

SWMM 
input file

WMS
import file

Parsing 
program

Parsing 
program

Parsing 
program

 

Figure 2. A common XML-based format for model input file translation 

 
Once the common file format is established, it could be managed outside of the computer model 
programs themselves. For example, two independent script or component programs could work 
together or separately to accomplish a coversion from one file format to another. Or, the 
application developers would build into the programs themselves support for the established file 
format. An independent body such as the Subcommittee on Hydrology could establish such a 
standard. 
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A further step would be possible if the XML schema were defined to broadly encompass both 
hydrologic and hydraulic models. Figure 3 shows one of limitless examples of this: 
specifications for an HEC-HMS watershed and an HEC-RAS project could be merged into one 
“Hydro-XML” file, then the whole package passed to WMS. At the center of the figure, at the 
summing junction, a “Hydro-XML” file containing watershed model parameters is merged with 
another one containing channel model parameter. The result is another “Hydro-XML” file. A 
simple script program could accomplish this easily, using the XML manipulation functions built 
in to operating systems such as Windows and Solaris. 

The merged file could be passed to an HEC-2 (for example) preprocessor; only the subset of data 
applicable to HEC-2 would be extracted from the file at run time. 

Hydro-XML 
format

Parsing 
program

HEC-HMS 
files

HEC-RAS 
files

Parsing 
program

WMS
files

Hydro-XML 
format

Hydro-XML 
format

XSLT

 
Figure 3. Merging two partial files into one comprehensive file 

 
Once appropriate translators are developed, debugged, and tested, modelers need only learn to 
edit files in one format, that of the “Hydro-XML” file. (No more learning yet another file format 
for the model of the month). And, sophisticated XML editing tools exist to make that editing 
process customizable for individual users’ needs and preferences. The development of these 
translators is a smaller job than one might expect; text processing tools such as Perl and Ruby are 
ideally suited to the task. Once several have been developed, others follow their example; in fact, 
computer scientists can accomplish much of that subsequent work, leaving hydrologists and 
engineers to practice their specialties. Moreover, as improvements are made in the parsing 
programs or XSLT files, existing applications can be updated without rebuilding the entire 
translation programs. 

Example: Real Time Hydrologic Time Series: The previous examples illustrated a way to 
overcome difficulties with translating computer model input files. But there are other translation 
instances where XML can help.  Perhaps a more obvious application of a standardized file 
format would be for hydrologic data.  
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A file format for hydrologic data is distinct from the format used for the model input files; this is 
a second application of the concept. Data are received from the field or retrieved from databases 
using many means, and those data end up going to a great variety of destinations. Most 
significantly, creating a common data file format would partition the work required to 
accomplish this data flow into building block components. 

Figure 4 illustrates this concept: on the left are various data sources; on the right; various data 
users. All data pass through a text file having the common-format “Hydro-data XML.” That file 
can also be readily transmitted over the Web using the same XML-optimized e-commerce 
Internet technology already familiar to Web site designers and administrators the world over. 
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Figure 4. Common XML file with data translators 
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People Wearing Many Hats: How much time do we as hydrologists and engineers spend on 
translating data from one format to another? From one database to another? From last decade’s 
“universal” format to today’s “ultimate” format? If not us, then some poor graduate student or 
junior engineer wastes his or her summer away moving data around. And why us? After all, most 
organizations have an entire staff of information technology professionals that like nothing better 
than to organize data. 

Part of the reason for this is that we are often unwilling to yield control of our databases to 
others. This is born out of the reality that for the past 30 years or so, only someone who cared 
about the data would spend the time necessary to learn its storage format and assess the demands 
put on the data in sufficient detail to make effective decisions about how it is formatted and 
stored. The hydrologist who relies on the accuracy of those data the most was the most 
concerned about its safety. 

All that has changed with XML. We can archive our hydrologic data in a relational database and 
access those data through XML data streams. We now can turn over responsibility for the 
database maintenance to people who are trained experts at administering databases, in fact who 
already do so for other departments in our organization. All they need to do is set up their 
computers to talk to our computers in XML. (You might think that your hydrologic data are 
important, but I’ll bet your organization’s president or director considers the accounts receivable 
and payroll records even more important. Who decides where to place the best IT staff?) Finally, 
we can also turn over responsibility for developing data query tools to computer programmers 
who know all about databases and XML. Figure 5 illustrates how, presently, one person is a 
jack-of-all-trades; with a common file format, their work can be distributed among specialists. 
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Figure 5. Current roles and future division of labor for hydrologic data 
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A WATER XML STANDARD? 

Is a “standard” water-resources XML format necessary? It certainly merits careful consideration 
by the Advisory Committee on Water Data. On one hand, it can be argued that no single 
“standard” is actually necessary, since anyone’s XML can be translated to another’s XML with a 
suitable XSL tranformation. But we already seem to reinvent the wheel too often as it is. 

A core XML schema for hydrologic and hydraulic models and a core XML schema for 
hydrologic data would get everyone, finally, on the same page (or at least in the same chapter). 
Each use has its own special requirements, and a single file format that is applicable now and 
into the future is impossible. It would be straightforward, though, to develop a core standard, 
which others could extend. The work behind development of the Standard Hydrometeorlogic 
Exchange Format (SHEF), much research in “Hydroinformatics,” and geographical information 
systems approaches to hydrologic data management gives us large body of work from which we 
can produce a comprehensive XML standard. It is an area where the Subcommittee on 
Hydrology can provide truly useful and needed leadership to the profession. 

CONCLUSION 

Storing, retrieving, and translating hydrologic model parameters and hydrologic data will always 
require multudinous modeling programs, database systems, and data translation systems. A 
common data format standard would substantially remove burdens of writing data translator 
tools and facilitating data communication over proprietary standards. Using XML-based formats 
will solve data transmission and translation problems in a flexible, self-documenting fashion. 
XML is both human-readable and machine-readable, is enthusiastically supported by modern 
programming languages and billion-dollar corporations, and is well-understood by non-engineer 
technical people. David Ford Consulting Engineers already uses XML in several applications 
with great success. Establishment of a set of XML schema for hydrologic analysis will further 
reduce or even eliminate most data translation problems across all organizations.  
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MANAGING HYDROLOGIC DATA FOR OPERATIONAL FORECASTING 
 

By Dudley McFadden, PE, Project Engineer, David Ford Consulting Engineers, 
Sacramento, California; David Ford, PE, President, David Ford Consulting 

Engineers, Sacramento, California; Thomas A. Donaldson, Hydrologist, National 
Weather Service, Silver Spring, Maryland 

 
David Ford Consulting Engineers 

PO Box 188529 · Sacramento, CA  95818 
(916) 447-8779 · mcfadden@ford-consulting.com 

 
Abstract: Real-time operation of a large, geographically dispersed multiple reservoir system 
requires a reliable flow of hydrologic information coupled with ways to evaluate that 
information easily. Rainfall and river discharge observations need to be analyzed, following 
known-reliable procedures, to forecast reservoir inflows and to make release decisions. Our 
Catchment Forecasting System (CFS), customized for the Lower Colorado River Authority 
(LCRA) (Austin, Texas), fulfills this need by integrating off-the-shelf and trusted hydrologic and 
hydraulic modeling programs (HEC-1, UNET, etc.) with an automated data-collection network 
and database. While these programs are widely used for planning and historical-event analyses, 
LCRA needed them to function in operational forecasting situations. CFS meets this need, and 
goes beyond this basic objective by linking those legacy applications using a customizable 
Microsoft Windows graphical user interface (GUI) that follows established usability 
conventions. Behind the GUI, Visual Basic Script (VBScript), the Extensible Markup Language 
(XML) and the Hydrologic Engineering Center Data Storage System (HEC-DSS) provide 
industry-standard file formats for model configuration and hydrologic data management. In 
advance of a high-water event, engineers configure CFS using an XML editor and VBScript 
debugging environment, and calibrate the models in a hindcast mode. All program users share 
those configuration files and calibrated modeling program input files. River operations staff can 
then use CFS to follow a predefined forecasting procedure easily during an emergency. 
Moreover, CFS’s architecture is user-extensible and will readily migrate to emerging 
technologies. 
  

BACKGROUND 

Flood operations DSS: Flood operations decision-support systems (DSS) are computer-based 
aids for helping emergency managers reduce losses of life and property. DSSs found in other 
fields often focus on expert-systems approaches and knowledge-based analysis; input data are 
critical but contribute in a less significant way. Hydrology and water-resource engineering for 
flood operations rely on observations of environmental conditions such as river stage, 
precipitation, and temperature; data are the most significant input. A flood operations DSS’s 
utility lies in its treatment of such data. Thus, flood operations DSS software boils down to 
acquiring, manipulating, and presenting those data in the manner most useful to the decision-
maker. 

Figure 1 shows the principal components of such a system.  
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Figure 1. Data path in a flood operations DSS 

 
LCRA: The Lower Colorado River Authority (LCRA) controls runoff from 40,000 square miles 
in central Texas using a system of 6 reservoirs. Hydrologic and meteorological data are collected 
from a hundred rain and stream gages in their area of jurisdiction (the data collecting and 
transmitting subsystem) and managed by a NovaStar database developed by HydroLynx 
Corporation (the data processing/filing/displaying subsystem). These on-the-ground observations 
are augmented with radar-based rainfall data from Nexrain Corporation. David Ford Consulting 
Engineers developed a computer program to assist staff at LCRA’s River Operations Center 
(ROC) to use these real-time data from to forecast reservoir inflow and route releases 
downstream (the modeling subsystem). The DSS was operational in 1998 and was upgraded in 
2001. ROC staff uses the system actively to make reservoir release decisions. 

OPERATIONAL FORECASTING DSS 

DSS requirements: Much activity in hydrology and water-resource engineering focuses on 
computer-based models of hydrologic and hydraulic processes. DSSs have been developed to 
package these computer models in a way that makes them accessible. A flood event is no time to 
be tweaking model parameters or manually translating data between formats and computers. 
Most computer modeling software was developed for and operates in a planning and evaluation 
setting. Their practical use requires a lot of active “brain power” on the part of the hydrologist. 
In an operational setting, there is not much time to “noodle the numbers” when a release decision 
must be made quickly. Key features of components of such DSSs are: 

• An operational DSS must be simple to use. It must not require extensive configuration, 
setup, and calibration capability. The user interface must be straightforward, unencumbered 
by dozens of buttons and menu item choices. 
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• Data exchange must be reliable. Interruptions and outages will happen. These usually 
affect just one part; the rest of the system should remain functional. Borrowing terminology 
from the plumbing trade: it must be easy to examine the pipes and fixtures and quickly pin 
down the location of the blockage. Multiple clean-out ports should be available. 

• The DSS must be repairable. Unexpected computer program execution errors will occur. 
Borrowing terminology from the automotive trade: it must be easy to open the hood, isolate 
the cause of the problem and devise a repair to get moving again. The experts at the garage 
can fix it properly later. 

• Software must be standards-based. Key personnel are not always available during 
emergencies and personnel turnover is inevitable. Moreover, during emergencies, busy 
hydrologists and engineers must stick to their disciplines. If the data connection goes down, a 
database administrator from the payroll department should be able to help fix it. If the 
graphing program blanks out, a Web site designer from the public affairs office should be 
able to help fix it. 

 

The LCRA DSS: The forecasting tool, CFS, is the DSS component in a complete system that 
was designed and configured to meet the specific needs of LCRA. It includes fully integrated 
watershed, channel, and reservoir models for the portion of the LCRA watershed upstream of 
Austin, Texas. CFS also includes data management tools that retrieve and manipulate observed 
stream and lake levels, and retrieve gage depths and radar-sourced subwatershed rainfall. It also 
includes visualization tools for observed and forecasted rainfall depths, flow rates, and water 
levels. The system runs on a Windows workstation at LCRA’s ROC. Part of CFS is a graphical 
user interface that provides, for example, simple management of quantitative precipitation 
forecast (QPF) values (see Figure 2). 

CFS, as implemented for LCRA, has the following key data-related features: 

• Watershed runoff models. LCRA developed watershed runoff models based on the Corps 
of Engineers’ HEC-1 program. LCRA uses the forecasting version, HEC-1F, which 
accommodates basin-mean rainfall processed from gages and from radar, and river discharge 
processed from river stage observations. 

• Reservoir routing models. The LCRA channel and reservoir models are based on the 
Corps’ UNET program. UNET uses river stage observations, forecasted reservoir inflow, and 
input reservoir elevation or release (discharge). 

These CFS features accommodate the configuration and management of these data: 

• A robust data cache is used. The channel and reservoir models are integrated with the 
watershed model and with each other via a standard data access layer. This data layer uses 
HEC-DSS, the Corps’ time series database, to efficiently manage large data sets. 

• The configuration is flexible and can be modified by LCRA users. The source of the radar-
rainfall data, for example, is specified in an XML file that can be edited with a text editor. 
Data acquisition is managed by Visual Basic Scripts programs. 
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Figure 2. Illustration of QPF input for CFS 

 
DATA MANAGEMENT IN THE LCRA DSS 

Features: At LCRA, ROC staff relies on rainfall and streamflow observations to make reservoir 
release decisions. The hydrologic data follow a carefully planned yet complex path on their 
journey from the field to the computer models. The path, shown in Figure 3, includes these 
features: 

• Data are transmitted using industry-standard protocols (Microwave and VHF radio, file 
transfer protocol (FTP), remote shell copy (rcp). 

• Data are archived and presented in formats well known to information technology 
professionals (Comma-delimited files, SQL queries, XML). 

• Data are cached for the modeling programs using a well-established means (HEC-DSS) 
and accessed using easily debugged programs (text scripts employing Visual Basic 
Script). 

• At each step, data can be visualized and checked for conversion, translation, and 
transmission errors (NovaStar GUI, text-format files, the Corps’ DSSUTL, CFS Tree 
Plot) 
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• CFS’s component connectivity and data management are controlled and configured 
easily, by editing an XML-format text file. 
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Figure 3. Data flow in LCRA flood operations DSS 

 6 



Use of standards: Computer software development standards are continuously evolving. 
Technologies considered leading edge years ago, such as Java RMI and Microsoft DCOM, are 
now being supplanted by Web-centric technologies such as XML and the .NET initiative. 
Meanwhile, specialists almost universally handle diverging aspects of computer science such as 
database administration, Web server management, and GUI programming. Table 1 contrasts 
what was done before with what is needed now. 

Table 1. Changing roles and software features 

Roles and features Then Now 

Data storage Proprietary, closed Relational database and XML-
format text files 

Database administration Engineers Database Admins. (DBAs) 
GUI design and development Engineers Java/VB programmers 
Easy interoperability A nice extra Expected 
Data exchange between computers FTP, Java RMI XML over Web 
Software implementation Big black box Scripts and reusable components
 

In this environment, hydrologic data must still be acquired, transmitted, stored, archived, 
retrieved, converted, retransmitted, and finally ingested by hydrologic modeling programs. This 
must be accomplished using standardized methods that information technology specialists can 
understand and manage. Especially with ever-enlarging data collection networks, water-resource 
specialists have enough tasks that only they can handle effectively. Data such as those used in 
LCRA’s flood operations system will best be managed by a partnership of data users (such as the 
ROC staff) and computer experts (Web developers, database administrators). LCRA’s open data 
management scheme is readily extendable to capitalize on current and emerging standards. 

Ready for the future: In coming years, the LCRA DSS will be substantially expanded to 
include additional models of watersheds and additional hundreds of miles of the of the Colorado 
River channel. The existing subwatersheds will be further subdivided for more precise 
computations. The NovaStar database and CFS DSS tool are designed to accommodate this 
expansion well. Software used for decision support must work closely and seamlessly with other 
software that hydrologists and engineers use on a daily basis. Technologies such as XML and 
scripting are already key components in other software, and the .NET initiative is further driving 
development toward this goal. 

CONCLUSION 

Decision-support systems for flood operations have key requirements due to their role for 
emergency managers. The DSS used by LCRA meets these requirements with reliable, off-the-
shelf components from the civil engineering field and well-supported standards from the 
computer science field. The flow of data through the DSS is critical to the success of the LCRA 
DSS. This data flow has been implemented in a way that positions the DSS to continue to be 
useful and reliable in the future. 
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Use of Soil Survey Information for Determining Soil Hydraulic Parameters for Hydrologic 
Modeling 

 
Walter Rawls, Hydrologist,USDA-ARS Beltsville, Maryland; Yakov. Pachepsky, Soil Scientist, 

USDA-ARS, Beltsville, Maryland 
 
Abstract:  Knowledge of hydraulic properties is a key element in hydrologic modeling.  Laboratory 
and field methods for determining soil hydraulic properties are time consuming and expensive.  
Average soil hydraulic properties developed in the early 1980's according to soil texture are 
commonly used in models; however, pedotransfer functions which relate basic soil properties such 
as texture, organic matter, bulk density, etc to hydraulic soil properties that are rarely measured on a 
routine basis are now readily available.  Pedotransfer functions (PTF's) which predict various soil 
hydraulic properties (water retention and hydraulic conductivity) based on various levels of soil 
survey information were developed by applying regression tree analysis to the NRCS national soils 
database.  The qualitative information used in the pedotransfer functions were USDA soil texture 
classes, structure, grade, size and shape classes, dry and moist consistency classes and stickness and 
plasticity classes. Topographic features, organic matter and taxonomic units which are subjectively 
estimated in the field and are part of every soil profile description appear to be useful predictors of 
soil hydraulic properties. 
 

INTRODUCTION 
 

Soil hydraulic properties are a key in modeling hydrologic processes. At present, average soil 
hydraulic properties developed in the early 1980's according to soil texture are being used in 
hydrologic models [Rawls, et al., 1982].   Laboratory and field methods for determining soil 
hydraulic properties are time consuming and expensive. Indirect estimation of soil hydraulic 
parameters from readily available or easily measurable soil data has become critical for hydrologic 
modeling. The term Apedotransfer function@ introduced by Bouma [1989] is often used to describe 
equations expressing dependencies of soil water retention and soil hydraulic conductivity on basic 
soil parameters.  Most Pedotransfer function development has primarily been directed toward 
finding the best measured soil physical properties for determining a particular soil hydraulic 
property.  Usually pedotransfer functions  have been developed to incorporate various levels of soil 
information.  Development of pedotransfer functions is an ongoing effort with results being 
continually summarized in review papers [Rawls et al., 1991; Van Genuchten and Leij, 1992; Timlin 
et al., 1996a]. Once established, pedotransfer functions can be used in hydrological models to 
predict how the soil functions  in agricultural and environmental systems. Pedotransfer functions 
have been successfully used to estimate regional crop yields [Haskett et al., 1996], long-term crop 
production at local scale [Timlin et al., 1996b], to assess water yield and evapotranspiration losses of 
watersheds [Vertessy et al., 1993;  Famiglietti and Wood, 1994], to predict loss of chemicals from 
the soil root zone to groundwater [Carsel et al., 1991], and to interpret data of passive microwave 
remote sensing [Gouweleeuw et al., 1996]. 
 
Current research issues in pedotransfer function development include (a) searching for better 
mathematical expressions of pedotransfer function equations, (b) searching for the most affluent 



basic soil parameters to be used as pedotransfer function inputs, and (c) searching for ways to group 
soils to have more accurate pedotransfer functions for each separate group.  To date no one has 
developed pedotransfer functions which incorporate the field soil survey information.  There are 
thousands of soil survey descriptions available in the United States and soil survey description are 
easily made in the field; thus using this information will make the pedotransfer functions more 
universally usable.  The objective of this study was to use regression tree analysis to determine the 
most important soil survey information for estimating soil water content θ33 at matric potential  -33 
kPa and soil water content θ1500  at matric potential -1500 kPa and subsequently using this 
information to predict the soil hydraulic properties. 
 
 METHODS 
 
Pedotransfer functions derived to estimate soil water content θ33 at matric potential  -33 kPa and soil 
water content θ1500  at matric potential -1500 kPa can be used to determine the water retention curve 
and saturated hydraulic conductivity.  Dependencies of soil water content on soil matric potential 
between -1500 and -33 kPa are shown to be close to linear on a log-log scale [Campbell, 1974] and 
as  Ahuja et al. [1985] has shown that the slope of the water retention curve can be adequately 
obtained from a simple log-log plot through the two points. The water retention curve can then be 
predicted using the estimated values of  θ33 and θ1500 in conjunction with the scaling method [ Ahuja, 
et al. 1985] and reference water retention curves for USDA soil textures[ Rawls, et al.1992]..  
Saturated hydraulic conductivity estimations can be determined from the air-filled porosity which is 
the difference between total porosity and  θ33 [Ahuja et al., 1984].  Rawls et al. [1998] showed that 
saturated hydraulic conductivity ( Ks) can be predicted using the following equation:  

φm
es C=K  

where Ks is the saturated hydraulic conductivity (cm/hr); φe is the total porosity minus water content 
at -33 kPa pressure head and can be obtained   3 - λ where the Brooks Corey pore size distribution 
index (λ) is essentially the slope of the log transformed water retention curve which can be  
estimated from the predicted θ33 and θ1500..  
 

DATA BASE  
 
   The U.S. Natural Resource Conservation Service (NRCS) maintains a soil characterization data 
base which includes measured basic physical and chemical properties, full genetic characterization, 
and soil water content at several given potentials.  The NRCS database includes over 20,000 pedons. 
 Soil survey descriptions include descriptive terminology, class definitions, hierarchical soil 
groupings, and operations that are applicable to various scales and appropriate to a wide variety of 
uses.  Most soil survey descriptions are made in the field by experienced soil scientists using the  
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guidelines given in the USDA Soil Survey Manual [1993].  After reviewing the soil survey 
information, the field determined taxonomic unit, soil texture, horizon, structure, consistency, 
plasticity, stickiness, and land surface configuration were thought to be the available information 
which would have the greatest effect on hydraulic soil properties.  The classes of soil survey 
information used in the analysis are given in table 1.  Each pedon did not contain all the soil survey 
information; therefore, analyses were conducted on subsets of the NRCS soil characterization data-
base depending on the data available for the analysis. The groups of analysis were (1) Field texture 
class + structure + consistence + plasticity + stickness; (2) Field texture class + taxonomic order + 
organic carbon; (3) Field texture class + topography + genetic horizon. 
 
Table 1.  Soil survey data classes. 
 
 
SOIL TEXTURE 
 

sand 
loamy sand 
sandy loam 
loam 
silt loam 
silt 
sandy clay loam 
clay loam 
silty clay loam 
sandy clay 
clay 

 
SOIL STRUCTURE 
 
Grade     
           Weak 

Moderate 
Strong 

Size  
Fine (extremely fine, fine, very fine, 
 thin, thin)  
Granular( granular, crumb) 
Platy (lenticular, platy) 
Medium (fine & medium, medium & 

 coarse, 
medium)   

 Coarse (coarse & medium,                      
           medium, thick, very thick) 
Shape   

Blocky(angular, subangular, blocky) 
Prismatic 
Columnar 
Massive 
Single grain 
Wedge       

 
 MOIST CONSISTENCY 
 

Loose 
Friable (Friable and very friable) 
Firm (firm, very firm, extremely  

  firm) 
Rigid (Rigid, slightly rigid, very rigid) 

 
PLASTICITY  
 

Non Plastic 
Plastic (Plastic, slightly plastic,   

 moderately plastic) 
Very Plastic 
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Table 1: Continued 
 
 
DRY CONSISTENCY 
 

Loose 
Soft 
Hard (hard, slightly, moderate, very,  

  extremely) 
Rigid (rigid, very) 

 
STICKNESS  
 

Nonsticky 
Sticky (sticky, slight sticky,   

   moderately sticky) 
Very Sticky 

 
TOPOGRAPHY 
 
Geomorphology 

crested hills 
interfluve 
headslope 
sideslope 
noseslope 

 
Slope position 

on slope and crest 
on upper third 
on middle third 
on lower third 
on a slope 
on a slope and depression 
in a depression 
in a drainageway 

 
 

 
TOPOGRAPHY cont. 
 
Slope shape across slope 

convex 
plane 
concave 
undulating 
complex 

 
Slope shape upslope 

convex 
linear 
plane 
concave 
undulating 
complex 

 
Slope % 

 
HORIZONS 
 

A 
E 
AB 
BA 
EB 
BE 
Bw 
B 
Bt 
Bk 
BC 
C 

 
TAXINIOMIC ORDER 
 

vertsol 
ultisol 
spodosol 
oxysol 
mollisol 
inceptisol 
histosol 
entisol 
ardisol 
alfisol 
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ANALYSIS AND DISCUSSION 
 

Regression tree modeling was applied because it can use both categorical and numerical variables as 
predictors.  Regression tree modeling is an exploratory technique based on uncovering structure in 
data.  The resulting model partitions data first into two groups, then into four groups and so on 
providing groups as homogenous as possible at each of the levels of partitioning.  Each partitioning 
can be viewed as a branching and the final fit of the model to data looks like a tree with two 
branches originating from each node.  The model can be used visually or easily computerized..  
Another benefit of regression tree modeling is that grouping field textural classes has an advantage 
of lesser demand to the accuracy of the field soil texture determination which is misjudged in the 
field about 50 % of the time.. 
 
The analysis of all the three data sets indicated that the field texture classes was the most important 
property for estimating soil water content ,θ33 , at matric potential  -33 kPa and soil water content, 
θ1500,  at matric potential -1500 kPa.   Table 2 summarizes the root mean square error of the water 
retention predictions for soil water content ,θ33 , at matric potential  -33 kPa and soil water content, 
θ1500,  at matric potential -1500 kPa for the various combinations of predictors. When combined with 
field soil texture classes organic carbon added the largest increase in accuracy in the prediction of 
θ33; followed by topography for A horizon and taxonomic order (table 2).  The largest increase in 
accuracy in the prediction of  θ1500. was obtained when both taxonomic order and organic carbon or 
topography and horizon were used with field soil texture classes.  The most important topographic 
predictors were slope %, slope position and slope shape across the slope.  The most important 
structure class was shape, while plasticity and stickness and dry consistency were more important 
than structure.  Organic carbon was important.  The slope and topographic location were the most 
important topographic features.  Figures 1, 2 and 3 illustrate the importance of the variables.  
 

CONCLUSIONS 
 

Field texture classes was the most important property for estimating  soil water content ,θ33 , at 
matric potential  -33 kPa and soil water content, θ1500,  at matric potential -1500 kPa..  Combining 
field texture classes into groups increased the accuracy since field texture class is often misjudged in 
field.  Water retention at -33 kPa is affected by the organic carbon more strongly than water 
retention at -1500 kPa.  Water retention of soils with coarse texture is substantially more sensitive to 
the amount of organic carbon as compared with fine-textured soils. Using soil structural and 
consistence parameters along with textural classes provides a small, although significant 
improvement in accuracy of water retention estimates as compared with estimation from texture 
alone.   Soil structural and consistence parameters can serve as predictors of soil water  retention  
because those parameters reflect soil basic properties that affect soil hydraulic properties.  Using the 
topotextural classes led to a statistically significant but small improvement in the accuracy of the 
water retention estimates.  Use of topotextural information allows pedotransfer functions to 
transcend scales. 
 
 
Table 2. Root mean square error of the water retention predictions with regression trees 
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Predictors 

 
Volumetric water     
    content at  
       -33 kPa 

 
Volumetric water  
     content at  
     -1500 kPa  

 
Field texture class 

 
          7.0 

 
          4.8 

 
Field texture class + structure 

 
           6.9 

 
          4.8 

 
Field texture class + consistence + plasticity + 
stickness 

 
          6.9 

 
          4.8 

 
Field texture class + structure + consistence +  
plasticity + stickness 

 
          6.8 

 
          4.8 

 
 

 
 

 
 

 
Field texture class 

 
          7.4 

 
          3.9 

 
Field texture class + taxonomic order 

 
          6.9 

 
          3.8 

 
Field texture class + organic carbon 

 
          6.4 

 
          3.7 

 
Field texture class + taxonomic order + organic 
carbon 

 
          6.3 

 
          3.6 

 
 

 
 

 
 

 
Field texture class 

 
           6.4 

 
        4.1 

 
Field texture class + topography + genetic 
horizon 

 
           6.0 

 
        3.8 

 
 

 
 

 
 

 
For A horizon 
Field texture class 

 
           6.4 
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Figure 1.  Water content (% vol.) at  -33 kPa and -1500 kPa using field texture classes. 

 

 



Figure 2.  Water content (% vol) at -33 kPa and -1500 kPa using field texture classes and % organic 
      carbon.  

 
 
 
 

 
 
 8 



Figure 3. A horizon water content (% vol.) at  -33 kPa and -1500 kPa using field texture and  
topographic classes  
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Abstract: Predicting the hydrologic response of watersheds during a rainstorm event is 
of major interest to hydrologists.  To a large degree, the prediction difficulties 
encountered are related to the problem of arriving at realistic estimates of the infiltration 
component.  Spatial and temporal variations of the soil water regime, the dynamic nature 
of the soil water matrix of real world soils, and the non-linearity of the governing soil 
water flow (Richard’s) equation make accurate predictions extremely difficult and 
complex.  One of the areas of major concern is the prediction of rain infiltration in 
swelling/cracking soils commonly found in alluvial plains.  This paper describes the 
current status of the development of a spectral series solution approach to this class of 
soils.  The solution is based on a prismatic model in which excess rainwater is laterally 
absorbed through the vertical faces of the prismatic elements.  During the 1998 Federal 
Interagency Hydrologic Modeling Conference, this model was used to describe incipient 
ponding time as a function of the crack morphology (depth, spacing), the rainfall 
intensity, and a soil parameter.  This paper extends this analysis and arrives at a 
cumulative infiltration equation that includes also the crack width.  The underlying 
assumptions of the model are: (1) the surface of the prismatic columns is crusted and 
infiltration through the surface is negligible, (2) rain water flows uniformly over the edge 
of the columns into the crack and is laterally absorbed through the lateral surfaces of the 
columns, (3) the proximity of adjacent lateral surfaces does not affect the infiltration 
process.  The analytical results are compared with experimental observation.  These 
observations were made in the laboratory on prepared soil beds of a Mississippi Delta 
swelling/cracking soil (Sharkey soil), subjected to a series of rainstorms with intensities 
of 20 mm h-1.  Good agreements between predicted and observed results were obtained. 
 

INTRODUCTION 
 
Predicting infiltration into swelling/cracking soil is highly complex problem that involves 
water movement into cracks and soil water movement into a dynamic soil matrix.  The 
relative significance of these simultaneously occurring processes depends on a host of 
factors, but mainly on the rate and manner of water addition (rain, irrigation) and on the 
antecedent soil conditions.  In previous reports (Prasad et al., 1998; Prasad et al., 1999) 
an analytical solution of infiltration into a dry cracked soil was presented that emphasized 
ponding time prediction.  The solution, derived for rain infiltration, encompassed the 
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most relevant variables: crack depth, crack spacing, rainfall intensity, and a soil 
parameter.  More recently, Prasad et al. (2000) expanded the solution to include estimates 
of the cumulative infiltration, in which crack width was included.  This paper presents a 
summary of these findings and indicates the direction of research that this work is taking. 
 

RAIN INFILTRATION ANALYSIS 
 
Model Description:  The model chosen is identical to the one described by Prasad et al 
(1998) and consists of an assembly of polygonal columns identical in size with 
sealed/crusted surfaces and separated by cracks between them.  The lateral or vertical 
faces of the columns are permeable and allow the entry by imbibitions of excess rain 
water that runs off from the column surface.  The infiltration rate through the 
sealed/crusted surfaces is much smaller than the rainfall intensity and the hydraulic 
conductivity of the cracks.  A physical image of this model is shown in Fig. 1 obtained 
from a Sharkey-clay soil of the Mississippi Delta after several wetting by rain and drying 
cycles.  This image clearly shows the sealed-like soil surface condition of the prismatic 
columns. 
 
A simplified representation of this model is given if Fig. 2.  In this model, the geometry 
of these polygonal columns is assumed to be quadrangular with sides of width ℓ and 
height H.  The infiltration process begins immediately when excess rain of intensity i 
runs off in a uniform manner along the vertical faces of the column where it laterally is 
absorbed by the soil matrix.  The initial soil water content is assumed to be 0., so that the 
amount of water, qo, entering the soil column per unit face width is given by the 
relationship: 
 

4
iqo
l

=          (1) 

 
For reasons of mathematical convenience and simplicity, it is furthermore assumed that 
the soil is homogeneous and that there is no interaction between the wetting fronts from 
the adjacent faces of the columns.  Thirdly, gravity flow is negligible in comparison to 
capillary flow.  This is a reasonable assumption for this finely pulverized, packed clay 
soil. 
 
Solution Approach:  The solution approach is based on a solution of the Richard’s 
equation for one-dimensional horizontal flow using a spectral series.  These relationships 
are, respectively: 
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where the coefficients Ai for i = 0, 1, … are time dependent functions (Römkens and 
Prasad, 1992).  Essential to this solution technique is the use of the Ahuja-
Swartzendruber relationship which through its parameters expresses the nature of the 
wetting font.  This relationship is 
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where a and n are soil specific constants.  This relationship meets the requirements that 
for θ = 0 → D(θ) = 0 and θ = θs → D(θ) = ∞, where θs is the saturated water content.  
From analytical consideration (Römkens and Prasad, 1992) equation (2), (3), and (4) 
yield important relationships: (i) α = 1/n, and (ii) an expression for the wetting font 
advance.  The wetting font advance is also given by: 
 
 t          (5) Aδ 22
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where A2 is a parameter.  Combining these relationships together with the concentration 
boundary condition for this case yields the relationship: 
 

 ( )( )
n

sn/5
s

2 θ 2α1α
2
1α

θ
2aA ⎥⎦

⎤
⎢⎣
⎡ ++⋅⋅=       (6) 

 
The cumulative infiltration into a horizontal slice of this column is given by:  
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which upon integration and the use of the above relationship yields:  
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Thus, λ is the soil parameters which can be obtained from fundamental soil properties 
and is soil specific.   
 

INCIPIENT PONDING TIME 
 
By summing up the total amount of water of all slices of the part of the wetted column 
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through the mass balance equation, an expression may be obtained for the incipient 
ponding time.  This summation can be written as: 
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where c is the thickness of the water film on the vertical surfaces of the column.  Assume 
that at time t, the water film on the vertical surface of the column has reached a depth h, 
then the integral of eq. (10) can be written as: 
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For the integral equation for the total amount of water that is on the surface as a film plus 
the infiltrated soil matrix water becomes (assuming c = constant) (Prasad et al., 1998): 
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Substitution of identity (8) and use of the Laplace transform (Prasad et al., 1999) yield 
the expression: 
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when the crack closed during the wetting and swelling process, c→0, and the relationship 
reduces to: 
 

 
l

h
i
πλt p =          (14) 

 
This relationship shows that the ponding time tp is related to the morphological 
characteristics (h,ℓ) of the crack pattern, the rainfall intensity i, and the soil parameter λ.  
The validity of this relationship depends on the rainfall intensity regime and the swelling 
dynamics of the soil material.  That is, the rainfall intensity must be such, that when the 
water film on the faces of the column reaches the depth H (crack depth), crack closure 
occurs at the soil surface – at least for this idealized model.  For larger intensities 
certainly very large intensities, cracks may fill up with rainwater and runoff may occur 
before crack closure takes place.  On the other extreme, in cases of very low intensities, 
cracks may close at the surface, while deeper parts of the column are still dry, thus 
restricting free water entry and unobstructed channel flow. 
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CUMULATIVE INFILTRATION 
 
The cumulative infiltration into cracked soils, especially soils with large crack volumes, 
may involve storage with significant amounts of water.  Cracks on soils with expansive 
clays such as Sharkey clay, Houston clay, etc., may be 2 to 6 cm wide and 50 to 100 cm 
deep.  These cracks must fill up before runoff occurs.  In these situations, a distinction 
should be made between the soil matrix ponding time which is the time that excess 
rainfall develops during a rainstorm on a matrix invariant soil, and the field ponding time, 
tp, which represents the time that the crack volume is filled up with water and runoff at 
the field scale commences.  The total amount of water absorbed during a storm may thus 
include matrix soil water in the columns and the “free” water in the soil cracks.  If the 
cracks start filling with water before closure deeper parts of the soil profile beyond the 
depth of the crack may absorb significant amount of water.  Fig. 3 represents a graphical 
illustration of infiltration into a cracked soil.  The total amount of water absorbed by this 
soil can be expressed as:   
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where the first integral represents the water absorbed in the column at the moment the 
water film on the lateral surface reaches the bottom of the crack and equals qo ⋅ tp.  The 
second integral term represents the rainfall amount absorbed in the soil matrix over the 
crack depth H for .  The third term, Rℓ represents the amount of water absorbed at 
greater depth than H or for y>H. Following the procedure given by Prasad et al. (2000), 
the time T is the time required to fill the crack volume, so that: 
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Using the geometric approach depicted in Fig. 3, of estimating the cumulative infiltration 
into a cracked soil and making other simplifying assumptions concerning crack shape at 
the tip and equating the crack volume with the amount of infiltrated water during time 
interval T, the following approximate relationship can be obtained: 
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The cumulative infiltration eq. (15) can now be presented as  
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The crack width can be estimated from changes in the soil bulk density using the 
relationship 
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where ρd is the dry soil bulk density and ρw is the wet bulk density.  Eqs. (19) and (20) 
allow estimates of T. 
 
Since the cumulative infiltration consists of the soil matrix water plus the water in the 
cracks, eq (15) can now be written as: 
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If expressed as the infiltration rate per unit area, Ig this relationship is: 
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An adjustment factor, γ, has been included to match experimental results with calculated 
result.  This adjustment factor is presumably related to geometric variations of the cracks 
which vary from case to case and vary numerically in our experimental studies from 0.10 
to 0.30.  It should be kept in mind that eq (22) best describes the situation for rainstorm 
intensities in which the cracks rapidly fill up with water. 
 
Fig. 4 shows the cumulative infiltration rate as a function of time during 3 sequential 
rainstorms of 20 mm h-1 intensity and 3h duration, each storm being separated by a dry 
period, on a Mississippi Delta, Sharkey clay soil.  Only one of every 20 data points have 

 6



been plotted.  The relationship shows good agreement with the data points following 
adjustment using the factor γ. 
 

FUTURE RESEARCH AREAS 
 
In this article, an approach and analysis was presented using a model involving many 
simplifying assumptions, including: (i) rainfall intensity was constant; (ii) crack pattern 
was described by a quadratic grid, with constant crack width, spacing, and depth; (iii) 
wetting front movement from the adjacent lateral faces, did not interfere with each other; 
(iv) water flowed uniformly over the edges of the columns into the cracks; (v) soil 
material was homogeneous. 
 
Many of these assumptions have only limited validity.  For instance, in the real world, 
most excess rainwater will flow at select points into the crack and start filling the cracks 
from the bottom up.  On the other hand, soils with narrow cracks, such as cracks with a 
width of several mm’s or smaller, probably follow the wetting process as described by 
this model.  The analysis could be modified to reflect these different infiltration 
processes.  The grid pattern could be approximated by a more realistic, polygonal 
prismatic structure.  The interference of soil water movement from the lateral faces of the 
columns could be avoided by using solution approaches with polar coordinates.  The use 
of polar coordinate solutions would also offer potential improvements such as predicting 
infiltration into soils with biochannels.  A major issue is to what extent crack, even after 
closure, will function as major conduits (preferred flow) for water transmission to the 
ground water, especially for situations where surface cover has protected the cracks from 
the destructive impact of raindrops.  These are some of the research areas that need 
further investigations. 
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Figure 1. Physical image of a cracking 
pattern after several wetting and drying 
cycles for a Sharkey clay soil. 
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Figure 2. A geometric representation of the 
infiltration model. (a) Horizontal
cross section of the cracked profile;
(b) Vertical cross section through 
crack area; (c) Wetting front in a
column adjacent to the crack. 
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Figure 3. A schematic representation of soil water 
content profiles in the crack area. 
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Figure 4. Cumulative infiltration as a function of 
time for three successive rainstorms on 
a Sharkey clay; the lines represent the 
model calculations and the symbols
represent observed data points. The 
observed data points in the linear portion 
of the graph represents every 120th

observation, while those in the 
curvilinear portion of the graph represents
every 60th observation.
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Abstract   Increasingly sophisticated models are now being used to simulate variably-saturated 
flow and contaminant transport in the vadose zone.  These models require estimates of the 
unsaturated soil hydraulic properties, being the soil water retention (or capillary-pressure 
saturation) relationship and the unsaturated hydraulic conductivity function. Direct 
measurements of these properties are generally very time-consuming and costly. One alternative 
to direct measurement is the use of pedotransfer functions (PTFs) to indirectly estimate the 
hydraulic properties from more easily measured and/or readily available data such as soil texture 
and bulk density.  In this paper we summarize the software package Rosetta that we developed 
this purpose.  The PTFs in Rosetta are based on a combined bootstrap-neural network procedure 
to estimate water retention parameters and the saturated and unsaturated hydraulic conductivity, 
as well as their probability distributions.  The PTFs were calibrated on a large number of soil 
hydraulic data sets derived from three different databases.  Rosetta offers a hierarchical set of 
five PTFs to predict van Genuchten type soil hydraulic parameters. from limited information 
(textural classes only) to more extended sets of data (texture, bulk density, and one or two water 
retention points).  
 
 

INTRODUCTION 
 
Many indirect methods for determining the soil hydraulic properties have been developed in the 
past (e.g., Rawls et al., 1991; Wösten et al. 2001).  Most of these methods can be classified as 
pedotransfer functions (PTFs, after Bouma and van Lanen, 1987) since they translate existing 
surrogate data (e.g., particle-size distribution, bulk density and/or organic matter content) into 
soil hydraulic data.  PTFs generally have a strong degree of empiricism in that they contain 
model parameters that are calibrated on existing soil hydraulic databases.  A PTF can be as 
simple as a lookup table that gives hydraulic parameters according to textural class (e.g., Carsel 
and Parrish, 1988) or include linear or nonlinear regression equations (e.g. Rawls and 
Brakensiek, 1985; Minasny et al., 1999).  PTFs with a more physical foundation exist also, such 
as the pore-size distribution model by Mualem (1976), which can be used to calculate the 
unsaturated hydraulic conductivity from water retention data 
 
Recently, neural network analyses have become popular for establishing empirical PTFs (e.g. 
Pachepsky et al., 1996; Schaap and Bouten, 1996).  An advantage of neural networks, as 
compared to traditional PTFs, is that they require no a priori model concept.  The optimal, 
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possibly nonlinear, relationships that link input data (particle-size data, bulk density, etc.) to 
output data (hydraulic parameters) are obtained and implemented in an iterative calibration 
procedure.  As a result, neural network models typically extract the maximum amount of 
information from the data.  We previously used neural network analyses to estimate van 
Genuchten (1980) soil water retention parameters and the saturated hydraulic conductivity 
(Schaap et al., 1998).  To facilitate the practical use of the PTFs, a hierarchical approach was 
used to allow input of both limited and more extended sets of predictors.  The combination with 
the bootstrap method (Efron and Tibshirani, 1993) further provided uncertainty estimates of the 
PTF predictions (Schaap and Leij, 1998).  We subsequently expanded the hierarchical approach 
to include unsaturated hydraulic conductivities (Schaap and Leij, 2000). 
 
While neural network-based PTFs may provide relatively accurate estimates, they contain a large 
number of coefficients that do not permit easy interpretation or publication in explicit form. To 
facilitate application of the PTFs, we developed the Rosetta code that implements some of our 
models.  The objectives of this paper are i) give a brief summary of Rosetta in terms of hydraulic 
parameters, the involved calibration data, selection of predictors, and characterization of model 
performance, and ii) to discuss the uncertainty of the estimated hydraulic parameters as a 
function of texture.  
 
 

DESCRIPTION OF ROSETTA 
 
Input and Output Data  Rosetta is able to estimate van Genuchten (1980) water retention 
parameters, the saturated hydraulic conductivity (Ks), as well as unsaturated hydraulic 
conductivity parameters based on Mualem’s (1976) statistical pore-size distribution model.  The 
retention function is given by 
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where θ(h) is the measured volumetric water content at suction h (cm, taken positive for 
increasing suctions). The parameters θr and θs are residual and saturated water contents, 
respectively (cm3cm-3); α (>0, in cm-1) is related in an approximate manner to the inverse of the 
air entry suction, and n (>1) is a measure of the pore-size distribution (van Genuchten, 1980). 
Combination of Eq. (1) with Mualem’s (1976) pore-size distribution model yields the following 
closed-form expression for the unsaturated hydraulic conductivity (van Genuchten, 1980) 
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in which Ko is a fitted matching point at saturation (cm/day), L (-) is an empirical parameter, and 
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In order to make the PTFs as widely applicable as possible, we obtained a large number of soil 
hydraulic data and corresponding predictive soil properties from three databases (Schaap and 
Leij, 1998).  The data set thus assembled contained 2134 soil samples for water retention with a 
total of 20,574 retention points.   Most of the samples were for soils in the temperate to subtropical 
climates of North America and Europe.   Saturated hydraulic conductivity values were available for 
a subset of 1306 soil samples, while unsaturated hydraulic conductivities were known for 235 soil 
samples containing a total of 4117 conductivity points.   Figure 1 shows the textural distribution of 
the datasets for water retention. 
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Figure 1.  Textural distribution of the samples used to calibrate 
the PTFs for water retention (2134 samples).  S: sand, lS: loamy 
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We found that the fitted Ko was often one order of magnitude smaller than the measured 
saturated hydraulic conductivity Ks (Schaap and Leij, 2000).  Therefore, seven parameters (θr, θs, 
α , n, Ks , Ko and L) are required to describe water retention, and the saturated and unsaturated 
hydraulic conductivity.  Alternatively, L may be fixed to –1 as was shown by Schaap and Leij 
(2000) in a study in which the dataset average value of L was varied between –3 and 3.  Figure 2 
shows that the optimum value of L is approximately  –1, and not 0.5 as found by Mualem (1976). 
We further note that the shape of the Mualem-van Genuchten curve is relatively insensitive to 
the value of L in the near-saturated regime but that L plays a more important role at higher 
suctions (see Schaap and Leij, 2000).  
 
Because different numbers of samples were available for water retention and the saturated and 
unsaturated hydraulic conductivity, we developed separate PTFs for each of these characteristics.  
We followed a hierarchical approach with limited to more extended sets of predictors (Schaap et 
al., 1998; 2001).  The first model (H1) is a class PTF, consisting of a lookup table that provides 
parameter averages for each USDA textural class.  The second model (H2) uses sand, silt, and 
clay percentages as input and, as opposed to H1, provides hydraulic parameters that vary 
continuously with texture.  The third model (H3) includes bulk density as an additional predictor, 
while the fourth model (H4) also uses the water content at 330 cm suction (h=0.33 bar).  The last 
model (H5) includes the water content at 15 bar suction (h=15 bar) in addition to the input 
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variables of the fourth model. The choice of suctions in models H4 and H5 was determined by 
their availability in the NRCS database (Soil Survey Staff, 1995). 

-3 -2 -1 0 1 2 3
0

0.5

1

1.5

2

2.5

3

Exponent L

A
ve

ra
ge

 R
M

SE

Sands

Clays

Loams Silts

All

 
 

Figure 2. Average root mean square errors (RMSE) for the Mualem-van 
Genuchten equation for 235 samples when L is varied between –3 and 3.   

 
 
Rosetta’s User Interface   Named after the Rosetta stone that allowed translation of ancient 
Egyptian hieroglyphs into Old Greek, Rosetta allows user-friendly access to models H1 through 
H5 for water retention and the saturated hydraulic conductivity.  Information about various 
aspects of the program and file specifications may be obtained through a detailed help system, 
which can be accessed from anywhere within the program.  Rosetta is primarily a Windows 
based application that uses a Microsoft ACCESS 97® database file to store its data and 
estimations.  The Microsoft ACCESS software, however, is not needed to run Rosetta.  
Command-line versions of Rosetta (currently without database support) are available for the MS-
DOS® and LINUX operating systems.  Rosetta can be downloaded freely from our website at 
http:\\www.ussl.ars.usda.gov\models\rosetta\rosetta.htm.  
 
The user interface of Rosetta (Fig. 3) consists of three menu-controlled and easy to understand 
screens. The first screen provides general database information, i.e., number of records in the 
database.  The second screen serves to obtain estimates of the seven hydraulic parameters that 
appear in models H1 to H5.  A third screen allows estimation of Ko and L from the fitted 
retention parameters using model C2 of Schaap and Leij (2000). 
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Figure 3.  View of Rosetta’s user interface 

 
 
 
 

PERFORMANCE OF ROSETTA 
 
 
Accuracy of the Estimates of the Hydraulic Parameters  Table 1 gives an overview of the 
performance of the hierarchical models we used for estimating the water retention parameters 
and Ks in terms of root mean square residuals (RMSE), which were calculated as 
 

'(
N

i i
i=1

1 = RMSE N
ζ 2)ζ−∑         (4) 

 
in which the symbols ζ and ζ' denote measured or estimated θ(h), log Ks, or log K(h) values; and 
N is the number of measurements for which the RMSE was calculated.  Because log Ks and log 
K(h) values were used, the RMSE values for the saturated and unsaturated conductivity have no 
units.  Notice from Table 1 that, as expected, the RMSE values for water retention and the 
saturated hydraulic conductivity decrease when more predictors are used (H1 to H5).  The errors 
remain more or less the same for the unsaturated conductivity.  We previously demonstrated that 
these errors are much lower than the traditional approach of Mualem (1976) using the 
assumptions that Ko=Ks and L=0.5, which leads to a RMSE value of 1.40 (Schaap et al., 2001).  
We also showed that RMSE further reduces to 0.79 when parameters obtained from direct fits to 
retention data are used to predict the unsaturated hydraulic conductivity (Schaap and Leij, 2000). 
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Figure 4 shows RMSE values for the water retention PTFs H1 through H5 for ten suction 
classes, as well as the number of water retention points in each class (indicated by the bars).  
RMSE values of the direct fit of Eq. (1) to the data (F) provides the minimum possible error 
since no PTF can yield better results.  The errors of Models H1 and H2 exhibit a similar pattern 
across the entire suction range. This suggests that, in terms of RMSE, not much is gained by 
using sand, silt and clay percentages as predictors (H2), instead of textural classes (H1). 
However, model H2 provides continuously varying predictions, whereas H1 exhibits discrete 
parameter changes at texture class boundaries.  Model H3 shows considerable improvement near 
saturation and better results until h=3200 cm (i.e., log h=3.5).  Including the water content at 330 
cm (H4) lowers the RMSE between 10 and 10,000 cm, whereas adding the water content at 15 
bar gives further improvements beyond 100 cm.  
 
 
 Water retention Saturated 

Conductivity 
Unsaturated 
Conductivity 

RMSE RMSE RMSE 

 
Model 

 
Input 

cm3/cm3 (-) (-) 
H1 Textural Class 0.078 0.739 1.06 
H2 SSC 0.076 0.717 1.02 
H3 SSCBD 0.068 0.666 1.05 
H4 SSCBDθ33 0.047 0.586 1.01 
H5 SSCBDθ33θ1500 0.044 0.581 0.90 

 
 
 
 
  
 

 
 

Table 1.  RMSE values for Rosetta’s calibration database for five models that 
predict water retention parameters, and the saturated and unsaturated hydraulic 
conductivity.  SSC: sand, silt and clay; BD: bulk density; θ33, θ1500: water contents 
at 330 and 15, 000 cm suction. 
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Application of Rosetta on the NRCS Database  We used the NRCS database (Soil Survey 
Staff, 1995) to test Rosetta on independent data by comparing measured and estimated water 
contents.  The NRCS database contains detailed data of 21,680 soil profiles across the United 
States.  The data are available on a soil horizon basis, totaling 136,620 records involving some 
250 possible attributes covering a broad range of soil physical, chemical, and mineralogical 
characteristics.  No single record contains a complete set of data and, unfortunately, only a 
limited number of water contents are available.  Water retention at 15,000 cm is available for 
90.1% of the samples in the NRCS database, while the 330 cm water content is available for 
37.1% of the cases.  Water contents at 60, 100, 1000 and 2000 cm are only available for a small 
fraction of the NRCS database records.   
 
Table 2 shows that the hierarchical approach exhibited a small decrease in RMSE from model 
H1 to H3 (0.0625 to 0.0574 cm3/cm3) The weighted average RMSE errors decreased to 0.0396 
and 0.0292 cm3/cm3 when one (H4) or two (H5) retention points were included, respectively.  
Much of this decrease is realized near the included retention points (at 330 and 15,000 cm), but 
the RMSE values at other pressures also decreased significantly.  The RMSE errors for models 
H1 through H5 were generally comparable to those presented in Table 1 indicating that Rosetta 
produces results that are applicable to a large range of soils and that Rosetta can be used 
successfully to populate the NRCS database with a full set of hydraulic parameters 

 
 

Pressure (cm) 60 100 330 1000 2000 15000 

N obs 1288 7309 47,162 352 10,429 47,435 

Weighted 
Error 

cm3/cm3 
H1 0.0713 0.0809 0.0706 0.0557 0.0611 0.0493 0.0625 
H2 0.0693 0.0776 0.0666 0.0503 0.0561 0.0452 0.0585 
H3 0.0696 0.0789 0.0609 0.0519 0.0617 0.0477 0.0574 
H4 0.0497 0.0485 0.0219 0.0559 0.0599 0.0452 0.0396 
H5 0.0519 0.0516 0.0207 0.0496 0.0469 0.0252 0.0292 

 

Table 2.  RMSE values for water retention for the six hydraulic pressures in the NRCS 
database.  The last column give the RMSE for all retention points, weighted according 
to the number of observations (Nobs) for each pressure.  We refer to Table 1 and the 
text for the description of the models. This table is adapted from Schaap et al. (2002). 

 
Uncertainty Estimates  The RMSE values used in the previous sections can only be estimated 
when measured hydraulic data are available. When PTFs are used for practical applications such 
data are typically not available, thus leaving users uncertain about the reliability of the PTFs. 
Because we used the bootstrap method for calibrating the models in Rosetta, it is possible to 
estimate standard deviations of the predicted parameters. Although the standard deviations are 
different from the previously discussed errors, they do allow model and input data-specific 
assessments of the reliability of the parameter estimates. Figures 5 provide estimates with model 
H3 for the seven hydraulic parameters (left column) and their standard deviations (σ, right 
column) as a function of texture and assuming a bulk density of 1.3 g/cm3.  The parameter values 
show trends that concur with empirical knowledge. For example, values for α, n and Ks decrease 
when textures become finer, while θr at the same time increases.  The standard deviations 
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generally show a pattern that reflects the textural distribution in Figure 1.  The uncertainty 
increases when less data points are available, such as the silt and clay regions of the textural 
triangle. Likewise, uncertainties increase when the PTFs are used beyond the calibration range of 
other predictors in models H1…H5 (results not shown). Figures 5a-n depict a specific example 
and should not be used as a general indication of parameter values or uncertainty estimates.  
Results are most likely different for other bulk densities and for the other PTFs in Rosetta. 
 
 

CONCLUSIONS 
 
This paper gave a description of the computer program Rosetta that implements several PTFs for 
estimation of water retention parameters and the saturated and unsaturated hydraulic 
conductivity, as well as associated uncertainties.  The models were characterized in terms of their 
calibration data sets and the accuracy of their predictions.  The hierarchical models gave 
reasonably accurate predictions for water retention and the saturated hydraulic conductivity 
when several predictors were used (texture, bulk density and one or two retention points).  While 
less accurate results were obtained when fewer predictors were used, the predictions by these 
models may still be useful when few or no data are available.  Rosetta can be applied directly to 
the NRCS database (Schaap et al., 2002), and hence be used to populate the database with a 
complete set of unsaturated soil hydraulic parameters and associated uncertainties. 
 
One attractive feature of Rosetta is that it provides uncertainties of its parameter estimates. The 
uncertainty estimates are generated with the bootstrap method and are given as standard 
deviations around the estimated hydraulic parameters.  The uncertainties, which depend on the 
invoked PTF model and its input data, are useful in cases where few or no hydraulic data are 
available, for example in Bayesian studies of parameter uncertainty.  The uncertainties can also 
serve in risk-based simulations of water and solute transport.  Rosetta is available for the 
Windows and Linux operating systems and can be downloaded from the Salinity Laboratory 
website: http://www.ussl.ars.usda.gov/models/rosetta/rosetta.htm. 
 
Acknowledgements  The authors gratefully acknowledge the support by NSF and NASA (EAR-
9804902), the ARO (39153 –EV), and the SAHRA science and technology center under a grant 
from NSF (EAR-9876800). 

 8

http://www.ussl.ars.usda.gov/models/rosetta/rosetta.htm


0

20

40

60

80

100

0.52

0.44 0.4

0.48C
la

y 
%

0.02

0.01

0.06

0.01

0.04

0.02

θs σ θs

0

20

40

60

80

100

0.11

0.03

0.07

0.09

0.05

θr

C
la

y 
%

0.04

0.01
0.005

0.02

0.03

0.015

σ θr

0 50 100
0

20

40

60

80

100

0.2
0.3 0.5

0.1

0.15
0.2

C
la

y 
%

Sand %
0 50 100

0.03

0.030.02

0.04

0.03

Sand %

log n σ log n

0

20

40

60

80

100

-2.3
-1.5

-2.1 -1.9

-1.7

C
la

y 
%

0.4

0.15

0.3

0.2

0.1

log α σ log α

Figure 5 (see next page for description) 

 9



0

20

40

60

80

100

2.8

1.2

2.4

0.8

2

1.6C
la

y 
%

0.1

0.4

0.1

0.6

0.2

0.3

log Ks σ log Ks

0 50 100
0

20

40

60

80

100

00.5

-1

-4

-3

-2

C
la

y 
%

Sand %
0 50 100

0.2

0.4

0.3

0.5

0.2

0.3

Sand %

L σ L

0

20

40

60

80

100

0.4

1.2

0.8

1.6

C
la

y 
%

0.26

0.26

0.22

0.28

0.24

0.2
0.26

log Ko σ log Ko
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CALIBRATING SYNTHETIC STORMS TO PREDICTED PEAKS FOR THE 
COLORADO RIVER BASIN IN TEXAS 

 
Michael Anderson, PE, Hydrologic Engineer, Halff Associates, Inc., Fort Worth, Texas; Erin 
Atkinson, E.I.T., Hydrologic Engineer, Halff Associates, Inc., Fort Worth, Texas; Bob Huber, 
P.E., Hydrologic Engineer, LCRA, Austin, Texas; and Tom Donaldson, Hydrologist, National 

Weather Service, Silver Spring, Maryland.  
 

INTRODUCTION 
This paper will discuss the procedures used to create a representative hydrologic model for the 
extent of the Colorado River basin from O.H. Ivie Reservoir to the Gulf of Mexico.  Due to the 
complexity of the total system, the hydrologic model is assembled based on unregulated 
conditions.  The reservoirs will be taken into account using HEC-5 to simulate reservoir 
operations.  The final floodplain product will be produced using HEC-RAS unsteady flow 
models.  The study team developed processes and procedures for initially calibrating the 
hydrologic model to recent storm events. Synthetic hydrographs produced from the final 
hydrologic model are discussed in detail in the following sections.  The technical challenges 
encountered during the project and the innovative solutions produced from the study are also 
addressed.  Due to the size of the basin, many hydrologic procedures and computer programs 
were developed in order to complete this study.  The final results of this model are the synthetic 
hydrographs for the 2-, 5-, 10-, 25-, 50-, 100-, 500-YR floods and Standard Project Flood (SPF). 

STUDY AREA 
The Lower Colorado River basin study area encompasses approximately 18,300 square miles, 
extending downstream from O.H. Ivie Reservoir in Concho County, Texas to the mouth of the 
Colorado River in Matagorda Bay.  Several large tributaries enter into the Colorado River.  
These include Pecan Bayou, the San Saba River, the Llano River, Sandy Creek, the Pedernales 
River, Onion Creek, and Cummins Creek.  See Figure 1 for the drainage basin map.  There are 
also eight large reservoirs located within the study area with seven on the Colorado River and 
Lake Brownwood on Pecan Bayou.  The seven reservoirs on the Colorado River make up a chain 
of lakes known as the Highland Lakes.  The seven lakes are Buchanan, Inks, LBJ, Marble Falls, 
Travis, Austin, and Town Lake.  Lake Travis is the only reservoir in the Highland Lake chain 
that provides any flood control for the Colorado River.  It was constructed to protect Austin, 
Texas from flooding.  

The Colorado River basin has some geologically unique drainage basins that occur upstream of 
Lake Travis.  This geologic area is known as the Edwards Plateau.  Storms that occur in this 
region produce large peaks in a short period of time and are the main areas that produce flooding 
upstream and around Austin, Texas.  Several large storm events have occurred from 1991-2000.  
The largest flood during this time period was the December 1991 flood named the Christmas 
Flood by the LCRA (Halff, 1998).  The other large floods occurred in May 1995, June 1997, 
October 1998, and November 2000. 
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Figure 1. Colorado River Basin Map 

INITIAL HEC-HMS MODEL 

The original Geographical Information System (GIS) based HEC-HMS basin file was developed 
using the ArcView 3.2 basin delineation utility program PrePro (Maidment, 1997) developed by the 
University of Texas, Center for Research in Water Resources (UT-CRWR).  The base data for the 
sub-basin delineation is the 30-meter United States Geological Survey (USGS) Digital Elevation 
Model (DEM) data.  The Colorado River basin file delivered to the Halff study team contained 232 
sub-basins, averaging about 79 square miles.  This original basin file was labeled the preliminary 
HEC-HMS “skeleton” model because it lacked unit hydrograph parameters, loss rate parameters, 
and routing data. 

The Halff Study team reviewed the delivery from UT-CRWR and also reviewed the PrePro 
utility program.  The Halff study team determined that PrePro lacked the capabilities to compute 
basic hydrologic parameters including sub-basin centroids, longest flow path, and basin slope.  
The tables PrePro generated also were not compatible with an independent Corps of Engineer’s 
Southwest Division (SWD) utility program that processes land use and soils data to calculate 
initial sub-basin parameters.  The Halff study team also identified a need for a greater number of 
sub-basins and wanted the delineations to be reproducible with the Corps of Engineers program 
HEC-GeoHMS.   
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The Halff study team re-delineated the watershed with HEC-GeoHMS.  Several basins were 
added to the original delineation and the final basin delineation produced 290 sub-basins, 
averaging 63 square miles each.  The Corps’ sub-basin parameter utility program was executed 
to generate parameters for the HEC-HMS model.  Another utility program developed for this 
project was used to extract the sub-basin parameters from the text file and insert them into the 
basin file created using HEC-GeoHMS.  The initial hydrologic model parameter estimates were 
assembled into the initial HEC-HMS model. 

HEC-RAS ROUTING MODELS 

With the release HEC-GeoRAS and the availability of USGS DEM data, creating rough HEC-
RAS routing models have become an effective way to create modified puls routing data.  The 
routing models consisted of cross-sections only.  This allowed rapid creation of routing models 
without expending a great amount of effort to acquire and encode structure data.  Using the latest 
GIS technology, the project team decided to develop steady state, backwater models to produce 
modified puls routing data.  Without this GIS application, modified puls routing data would not 
have been developed for every routing reach in the Colorado River study area. 

In order to create the hydraulic routing models, three dimensional terrain models had to be 
constructed in the form of triangular irregular networks (TIN).  Several different data sets were 
used to develop the TIN that represented the terrain for the main stem of the Colorado River.  
The data sets used to create the various TIN’s for the main stem of the Colorado River were 
developed from the LCRA 2-foot contour data on the main stem of the Colorado River from the 
upstream end of Lake Buchanan to Matagorda Bay, various lake bathymetry/sediment range 
survey data sets, and 30-meter USGSDEM data sets.  Due to the TIN size limitation (2.1 
gigabytes) the area was broken down into several TIN’s and corresponding HEC-RAS models.  
There were 14 routing models developed for the main stem of the Colorado River.  Hydraulic 
routing models were assembled for a total of approximately 480 miles of the Colorado River. 

All of the tributary TIN’s were assembled using the USGS 30 meter DEM data sets.  Several 
tributary routing models were constructed due to the TIN size limitations.  Hydraulic models for 
all of the tributaries were constructed for a total of over 1,100 stream miles. 

Once the hydraulic models were executed and checked, the next task was to populate the routing 
tables in HEC-HMS.  The population of the routing table was a two-step process.  The first step 
was to create a routing table in HEC-RAS and export it to a text file.  The second step involved 
writing a program to automatically extract the routing data from a text file and insert it into 
HEC-DSS for use in the HEC-HMS model.  Once the data was in a HEC-DSS file, the HEC-
HMS model files were modified to accept the routing data. 

HISTORICAL STORM EVENTS USED FOR CALIBRATION 

Three recent storms were selected to calibrate the HEC-HMS model.  The three storms selected 
were the June 1997, October 1998, and November 2000 events.  These events were selected 
because they were large, NEXRAD rainfall data was available for precipitation estimates, and 
the locations of the storm centers occurred over different parts of the basin.  NEXRAIN 
Corporation processed the NEXRAD data and ground truthed the precipitation estimates based 
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on a network of rainfall gauges in the basin.  A brief description of the 3 storm events and the 
areas that they occurred in are summarized as follows: 

• The June 1997 storm event occurred mainly in the Llano River, Pedernales River, and Pecan 
Bayou.  This event produced an approximate peak of 270,000 cfs on the Llano River at the 
Mason and Llano gauges.  The major storm center was over the James River, a tributary of 
the Llano River.  A secondary storm center occurred in Pecan Bayou.  

• The October 1998 storm event occurred mainly downstream of Lake Travis.  This storm 
event produced flooding along the main stem of the Colorado River from Bastrop to 
Matagorda Bay.  The largest flows into the Colorado River came from Onion Creek and 
Cedar Creek.  The largest peak flow of the storm event occurred at the Smithville, Texas 
gauge and was approximately 90,000 cfs. 

• The November 2000 storm event occurred over the Llano River, San Saba River, the main 
stem of the Colorado River above the San Saba gauge, and Pecan Bayou.  The storm 
produced an approximate peak flow of 50,000 cfs at the San Saba River at San Saba gauge. 

The NEXRAD data for the October 1998 and November 2000 events were in 2 km x 2 km grid 
cells.  The NEXRAD data for the June 1997 event was in a less refined grid of 4 km x 4 km.  
NEXRAIN Corporation processed the precipitation data by comparing the radar estimates to rain 
gauges network.  The radar estimates were adjusted to reflect the rain gauge estimates and give a 
“ground truthed” precipitation estimate for each storm.  The ground truthed precipitation 
estimates were then applied to the individual sub-basins.  The sub-basin precipitation estimate 
for each time interval was provided in HEC-DSS files for the HEC-HMS model. 

USGS and LCRA provided hourly streamflow measurements at selected gauges for each storm 
event.  This data was input into HEC-DSS for use as observed hydrographs at the selected gauge 
locations. 

HEC-HMS STORM CALIBRATION 

The historical storm events were used to calibrate the initial HEC-HMS model.  Four parameters 
were adjusted to calibrate the HEC-HMS model: Snyder’s basin lag time, Snyder’s peaking 
coefficient, initial losses, and constant losses.  The following steps summarize the calibration of 
the HEC-HMS Model. 

1. The model was broken up into several basins based on stream gauge locations.  The 
calibration began with either the headwaters of the basin to a stream flow gauge or a stream 
flow gauge at the upstream end of the basin as a source.  This approach eliminates the 
differences between the observed hydrograph as the source and the simulated hydrograph. 

2. The basin model is executed using the NEXRAIN ground truthed precipitation. 

3. The resulting hydrograph produced at the downstream gauge is compared to the USGS 
recorded streamflow hydrograph.  Depending on the comparison, any or all four of the 
calibration parameters may be adjusted to produce a better calibration.  Figure 2 is a USGS 
streamflow gauging station that is compared against a computed HEC-HMS hydrograph. 
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Figure 2. Hydrograph Comparison for the June 1997 Event 
 at the Llano River at Llano, TX Gauge 

4. This process is repeated several times until an acceptable calibration is produced.  The 
calibrated parameters are reviewed to ensure that the parameters are practical. 

The calibration process was repeated for all representative gauges in the 3 storm events.  Once 
all of the storm calibrations were completed, a new basin model was created with the calibrated 
parameters.  This basin model is used as the base for the synthetic storm verification phase.   

FREQUENCY ANALYSES 

Two independent frequency analyses were performed to develop peak flow rates for the Colorado 
River Basin, a Period-of-Record analysis and a Historical Frequency analysis.  These analyses 
provided targets for the synthetic frequency HEC-HMS models.  Several different gauges were 
analyzed to develop targets throughout the basin to verify calibrations.  A summary discussion for 
each analysis is presented in the following sections. 

Period-of-Record Analysis:  In order to calibrate the HEC-HMS model to unregulated frequency 
events on the main stem of the Colorado River, a period-of-record analysis was performed using the 
best available gauge data and the Corps’ SWD SUPER program (Corps, 2000).  The SUPER 
program eliminates the effects that the reservoirs have on the gauge data and will provide an 
extended period-of-record for the gauges.  This simulation is run in a daily time step format.  This 
daily time step was converted to instantaneous peaks by using a correlation analysis.  The 
correlation analysis was performed at each gauge where there were daily peaks and instantaneous 
records for unregulated conditions.  The multiplying factor produced from the correlation analysis 
was used to estimate the SUPER generated unregulated peak flows for the data after the basin 
became regulated.  These data sets are used in HEC-FFA to generate unregulated frequency curves 
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for each gauge.  In all, the SUPER program produced unregulated frequency curves for 7 gauges on 
the main stem of the Colorado River. 

Historical Frequency Analysis:  A historical frequency analysis using HEC-FFA was also 
performed on 13 tributary gauges and 3 Colorado River main stem gauges for unregulated 
conditions.  The 3 main stem gauges were the Colorado River near San Saba, Texas (08147000), 
the Colorado River at Austin, Texas (08158000) and the Colorado River at Columbus, Texas 
(08161000).  The only flow data records used for these gauges was from the time period prior to 
the installment of reservoirs.  The results from the Colorado River main stem gauges were used 
for comparison purposes against the period-of-record frequency results.  The results of the 
historical frequency analysis and the period-of-record analysis provide the targets for the 
synthetic storm HEC-HMS models. 

SYNTHETIC STORM HYDROLOGIC MODEL DEVELOPMENT 

The majority of hydrologic studies undertaken for this large of a basin are based on either a period-
of-record analysis or a historical frequency analysis to determine the discharges for use in a 
hydraulic model for riverine areas.  This study is somewhat unique because it utilizes synthetic 
hydrographs generated from HEC-HMS for unsteady hydraulic modeling along the main stem of 
the Colorado River.  The following sections discuss the procedures used to produce the synthetic 
HEC-HMS models for the 7 frequencies (2-, 5-, 10-, 25-, 50-, 100-, 500-Year) and the Standard 
Project Flood (SPF). 

Precipitation Generation Using Large Basin Hydrology Techniques:  Due to the large size of 
the basin, synthetic precipitation hyetograph generation techniques used in most studies were not 
applicable.  Therefore, the Halff study team developed a synthetic rainfall generator program to 
calculate precipitation hyetographs for each sub-basin in the HEC-HMS model.   

Several key decisions were made and incorporated into the rainfall generator program.  Some of 
the key elements incorporated into the program are listed below. 

1. Correctly distribute the synthetic precipitation both spatially and temporally (Perry, 1990).  
The program used the HEC-1 synthetic hyetograph generation procedure.  

2. Rainfall data was obtained from TP-40, TP-49, and Hydro-35.  For the SPF, the Corps’ 
Engineer Bulletin 52-8 (SPF) and EM 1110-2-1411 were used.  All of the frequencies were 
digitized and incorporated into a grid cell file for use by the program. 

3. The program produces precipitation for a 96-hour storm duration that is centered temporally. 

4. The individual synthetic or hypothetical storm models within the storm set follow the pattern 
of the Probable Maximum Precipitation described in Hydro-meteorological Reports No. 51 
and No. 52 (HMR-51 and HMR-52).   

5. The program uses an elliptical isohyetal shape with a ratio between the major and minor axis 
of 2.5 to 1.  The orientation of the ellipsis corresponded to the preferred orientation described 
in HMR-51 and HMR-52.   

6. Areal-Reduction Factors (ARF) were used to reduce the point precipitation values in Hydro 
35, TP-40, and TP-49 based on the area of the elliptical isohyets from the center of the storm 
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to the point of interest.  The calculated area reduction factors were applied to their associated 
intensities and an intensity duration curve was created.  The intensity duration curve was then 
differenced, based upon the chosen time increment to be used in the HEC-HMS model.  The 
differenced values were redistributed around the center of the storm duration to create a 
balanced storm rainfall pattern for the required ground position (Lovell et al., 2001). 

Basin Points of Interest and Critical Storm Centers:  Since the Colorado River basin is very 
large, six points of interest (POI’s) were selected as critical locations for synthetic storm 
hydrograph generation for each return frequency.  The selection of the POI’s were based on their 
location in the basin and because they were identified as key calibration points for this study.  
These 6 POI’s are the San Saba River at San Saba, the Llano River at Llano, Buchanan Dam, 
Mansfield Dam, the Colorado River at Bastrop, and the Colorado River at Wharton.   

Once the 6 POI locations were established, the critical storm center location for the POI’s were 
established.  The critical storm center for each POI is defined as the location that creates the 
largest discharge when the synthetic storm is centered on that sub-basin.  The approach taken to 
find the critical storm centers was to make each sub-basin a critical storm center and execute the 
calibrated HEC-HMS model.  This procedure was performed for every frequency at the 6 POI’s.  
Figure 3 is an example of how the critical centering was performed and how the rainfall was 
reduced from the critical storm center. 

 

Figure 3. Critical Storm Center and Rainfall Reduction Procedure 

HEC-HMS Synthetic Precipitation Models (Unregulated Conditions):  Once the critical 
storm centers were found for each frequency, the HEC-HMS basin files were broken into the 6 
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different storm-centering locations as outlet points.  The models were executed and compared to 
the historical frequency or period-of-record results for comparison purposes.  Four of the points 
of interest were compared directly to their historical frequency analysis but the other two points 
of interest were at dam sites and a frequency analysis was not performed at the dam sites.  
Therefore, the Colorado River near San Saba, Texas gauge site was used for verification 
purposes for the Buchanan Dam point of interest and the Colorado River at Austin, Texas gauge 
site was used to verify the Mansfield Dam point of interest peak flows.  The location of the 6 
POI’s are presented in Figure 4. 

 

Figure 4. 6 Points-of-Interest for the Colorado River Basin 

Synthetic Critical Storm Centering Comparison to Frequency Results:  The final step was to 
verify the calibrated HEC-HMS model against the frequency results using synthetic rainfall 
generated from the TP-40 and TP-49 Rainfall atlases.  The synthetic rainfall was produced using 
the rainfall generator program.  This program used ARF curves to reduce point precipitation to 
generate precipitation hyetographs for all of the sub-basins.  Initially, the TP-40 and TP-49 ARF 
curves were extended to the specified maximum area of 100,000 square miles.  Peak flow rates 
were taken at the 6 POI’s and a few critical gauging stations.  The TP-40 and TP-49 ARF curves 
produced peak flow rates that in several instances doubled the HEC-FFA results for a given 
period. 

The initial thought was to adjust the loss parameters.  This proved to be a dead end because the 
loss rates were extremely high, between 0.3 and 0.5 inches per hour for constant losses and 
between 2 and 4 inches for initial losses, and in some cases even higher.  The study team decided 
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that the initial calibration using actual storm events was more accurate than the synthetic 
precipitation hyetographs produced from the TP-40 and TP-49 ARF curves.   

Project Specific ARF Development:  The study team decided that a different set of ARF curves 
were needed to produce hydrograph peak flow rates that were comparable to the frequency 
analyses estimates.  The study team consulted with Ron Hula, retired Corps of Engineers 
Hydrologist, regarding possible alternatives to the TP-40 and TP-49 ARF Curves.  He developed 
a procedure to extrapolate the ARF curves using the HMR-51 PMP precipitation at a specified 
latitude and longitude location.  The study team decided to use the HMR-51 generated ARF 
curves for the Austin area.  This set of curves decayed at a more rapid rate than the TP-40 and 
TP-49 curves.  The study team took the HMR-51 curves and extended them to the maximum 
specified area of 100,000 square miles.  The critical storm centers were re-simulated to 
determine if they had changed from the TP-40 and TP-49 critical centers for the 6 POI’s.  It was 
found that the critical storm centers did not vary greatly when different ARF curves were used.  
Refer to Figure 5 for a plot of the 24, 48, and 96 Hour TP-40 curves versus the 24, 48, and 96 
Hour HMR-51 curves. 

 

Figure 5. TP-40 ARF Curves vs. HMR-51 ARF Curves 

The majority of the HMR–51 synthetic-generated flood events were smaller than the HEC-FFA 
results.  The study team reviewed the sub-basin loss rates for the Llano River at Llano Gauge 
POI for the 100-Year Storm to determine if small adjustments could be made to approximate the 
historical frequency estimate of the 100-Year storm at the POI.  The result of this simulation was 
the loss rates averaged 0.03 inches per hour for constant losses and 0.4 inches for the initial 
abstraction.  The study team decided to perform more research because the loss rates seemed too 
low. 
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The USGS document “Areal-Reduction Factors for the Precipitation of the 1-Day Design Storm 
in Texas” was reviewed.  This report included the 24-Hour ARF curve for the Austin, Texas 
area.  The USGS ARF curve was plotted against both the TP-40 and HMR-51 ARF curves.  The 
trend of the 24-Hour USGS ARF fit the 96-Hour HMR-51 ARF curve.  Figure 6 contains a 
comparison plot of the 24-Hour USGS curve and the 96-HR HMR-51 curve. 

 

Figure 6. ARF Curve Comparision Plot 

The study team determined that a new set of ARF Curves could be developed based on the 
correlation between the HMR 51 curve and the USGS curve.  The HMR-51 family of curves 
were smoothed and shifted vertically to align the 24-HR USGS ARF curve with the 24-HMR-51 
ARF curve.  The study team refers to this family of ARF curves as the project specific ARF 
curves.  The project specific ARF curves are presented in Figure 7. 

The precipitation generator program was again executed to develop the precipitation for each 
critical storm centering.  The overall results of this analysis were that this set of ARF curves closely 
predicted the HEC-FFA analysis, it produced a particularly close result for the 100-Year storm 
event.  This family of curves is used for the final HEC-HMS verification runs.  Figure 8 is a plot of 
the precipitation depth for a 100-YR synthetic storm event centered on the Llano River basin. 

HEC-HMS Synthetic Storm Verification:  The previously calibrated HEC-HMS model was 
executed using the project specific areal reduced rainfall for the 6 POI’s for each of the 7 
frequencies (2-, 5-, 10-, 25-, 50-, 100-, 500-year).  A total of 42 calibrations (basins and runs in 
HEC-HMS) were performed in 7 separate HEC-HMS models.  Further adjustments to parameters, 
specifically loss rates, were necessary to match the peak discharges (historical frequencies) at the 6 
points of interest.  Results compared closely to the historical frequency analysis results and the 
period-of-record analysis results. 
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Figure 7. Project Specific ARF Curves 

 

Figure 8. Total Precipitation for a 100-YR Synthetic Storm Event centered on the Llano River 
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CONCLUSIONS 

This paper provides a step-by-step approach to create a complex hydrologic model using 
synthetic hydrology.  These steps include assembling the base data using GIS tools, calibrating 
the model using historical flood events, calculating peak flow targets from a frequency analysis, 
and creating precipitation hyetographs using synthetic hydrology techniques.  The hydrologic 
model is the foundation for creating a complex system to represent the Colorado River basin 
from O.H. Ivie Reservoir to the Gulf of Mexico. 

The development and the level of detail of this large hydrologic study was possible because of 
the large volume of data available and the GIS’s ability to handle the data.  The development of 
the original hydrologic model, from the sub-basin delineations to the sub-basin parameters, was 
initially derived from GIS data.  The use of GIS tools such as HEC-GeoHMS and HEC-GeoRAS 
along with independent utility programs that took the data from the GIS environment was 
instrumental in the model development.  

The Halff study team encountered and overcame several program and methodology challenges.  
The challenge of handling the volume of data used by the GIS in the development of the original 
hydrologic model was solved by breaking the data into smaller pieces.  Once the GIS processing 
was completed, the individual pieces were assembled into a single model.  Perhaps the most 
challenging component of the analysis was the development of project specific adjusted rainfall 
because little research had been conducted on the subject for large basin hydrology.   
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INTRODUCTION 
 

In some cases in Hydrology, is necessary to estimate flood quantiles of a high return period or 
even the biggest flood physically possible in a specific catchment, called Probable Maximum 
Flood or PMF. The PMF has a physical meaning and it provides an upper boundary of the 
interval within the engineer must operate and design. The PMF is generated by the Probable 
Maximum Precipitation (PMP). 
 
The PMP is defined as the greatest depth of precipitation for a given duration meteorologically 
possible, for a given size storm area at a particular geographical location, at a certain time of 
year, with no allowance made for long-term climatic trends. (WMO, 1986). Different methods 
has been proposed to estimate the probable maximum precipitation. There are process-based 
methods or statistical methods as the proposed by Hershfield (1961 and 1965). 
 
On the other hand, there are in the literature basically two ways to estimate the PMF. The first 
one is to use the PMP estimate using a rainfall-runoff models, which involves many assumptions 
about the PMP, about the conditions of the catchment and physical features for its upper limits. 
The other way to estimate the PMF is empirical, as the method developed by Francou and Rodier 
(1969). These authors, by means of empirical approximations, found that for hydrological 
homogeneous regions the upper envelope boundaries were straight lines which converged 
towards a single point. The rule of thumb which estimate the PMF or the PMP by a particular and 
high return period quantile can not be considered as an scientific method. 
 
From the PMF point of view, traditional flood frequency analysis has two main drawbacks: 
 

i) The lack of information about large events in the systematic record, which involves 
extrapolating to quantiles of very long returns periods from runs of data which rarely 
exceed 100 years. 

ii) The mayor part of the extreme distribution functions used in Hydrology, don’t have an 
upper limit. 

 
In last decades, as a way to solve the problem of lack of information, it has been included in flood 
frequency analysis non-systematic data, with good results. Non-systematic information is the 
censored information registered previously to the systematic record. There are two sources of 
information: historical (Glade et al., 2001) and palaeoflood reconstructions (Benito et al, 1998). 
From the statistical point of view, both sources can be treated equally (Francés et al., 1994). 
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Probability distributions functions with an upper limit has been recently applied to extreme 
frequency analysis of annual maximum daily precipitation by Takara and Tosa (1999), Takara 
and Loebis (1996) and Elíasson (1994 and 1997). However, all these authors assumed previously 
known the value of the upper limit PMP with the objective of improving the quantile estimates 
with high return period. 
 
In this work, it is proposed to use probability distribution functions with upper limit and non-
systematic information in  flood frequency analysis to estimate the PMF as one more parameter 
of the statistical model. Three statistical models with upper bound has been used: The Slade-type 
four parameter lognormal distribution, the EV1 with Elíasson transformed distribution function, 
and the EV4 distribution function. Its fitting to the Jucar river data was compared with two 
models without upper limit: the TCEV and the LogNormal with two parameters. 
 
The Jucar river is a Mediterranean river, located on the east part of Spain. It has a basin of  
22,000 km2, and a Mediterranean regime. In this river there are non-systematic and systematic 
information.  The historical period is 153 years long, since 1792 to 1945 when the systematic 
record starts. The historical information is censored  type 2 (Francés, 1998), denoted as CE. The 
threshold level of perception (Xh), is 6200 m3/s. The historical floods are show in Table 1. 
 

Table 1. Historical floods for the Jucar River. CE information. 

Year Peak Q (m3/s) 
1805 8,400 
1814 6,400 
1864 13,000 

 
 

PROBABLE MAXIMUM FLOOD EMPIRICAL ESTIMATION 
 
A direct estimate of the probable maximum flood, has been calculated using the following 
equation, developed by Francou and Rodier (1969):  

( )k0.1-1

8
6

10
A10PMF ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=                                             (1) 

Where A is the catchment area in km2 and k is a regional coefficient ranging from about 6.0 and 
values less than 4.0 for different regimens (Smith and Ward, 1998). 486 maximum recorded flood 
peaks from Spain has been plotted against catchment area on a log-log scale. In Figure 1 it is  
compared these data with the world envelope take of Smith and Ward (1998) with a k coefficient 
of 6. It seems that the world envelop given by eq. (2) can be a good estimate for the PMF of a 
basin size around the size of the Jucar river: 
 

0.4A 631PMF =                                                        (2) 

 
In this case, with a basin area of 22,000 km2, the PMF results to be 34,435 m3/s. 
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Figure 1.  Maximum peak flood discharges recorded in Spain and the World envelope curve based on the 

data in Table 1.1 from Smith and Ward (1998). 

 
STATISTICAL MODEL PARAMETERS ESTIMATION METHOD 

 
The parameter set for each statistical model has been estimated by the maximum likelihood 
method (MLE). This method was selected based on its statistical features for large samples, and 
also because of its ability to incorporate in the estimation process any additional quantified data 
easily. 
 
The ML estimators are obtained by maximizing the logarithm of the likelihood function over 
parameter space. When we include information CE, the likelihood function is given by (Francés, 
1998): 
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⎝

⎛                (3) 

 
where: Θ is the parameter set of the distribution function, x is the systematic flood sample, y is 
the censored flood sample, P= ) =1-F(Xh), M is the censored period length in years, K 
is the number of exceedences, n is the systematic record length in years, and fx is the probability 
density function (pdf) of x. The logarithm of likelihood function for any distribution function and 
CE information is given by: 
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where W represents the censored and the systematic sample data.  
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To test the model performance (distribution and estimation method) from the descriptive point of 
view, the fitted cumulative distribution function (cdf) and the plotting positions will be compared. 
The probability plotting positions with censored information was calculated with E formula, 
proposed by Hirsh and Stedinger (1987). 
 
 

APPLICATION OF UPPER BOUND STATISTICAL MODELS 
 
The EV4 distribution. This probability distribution function was first proposed by Kanda 
(1981), who empirically derived it from the GEV distribution. This type of distribution is called 
type IV or EV4. Takara and Tosa (1999) first used this distribution in Hydrology. The cdf and the 
pdf are given by: 
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where g and a are the upper and lower boundaries of the random variable, and v and k’ are 
parameters which characterize the form of distribution. 
 
Takara and Kaori (1999) applied this distribution to annual maximum daily precipitation at 
Ohtsu, and made a sensitivity analysis with different a priori empirical estimations of the upper 
and lower bounds. Their conclusion about the EV4 distribution is that it tends to skew to the right 
and subsequently give larger quantile estimates. It fits well to datasets with the sample skewness 
coefficient larger than about 2. The goodness-of-fit of the EV4 becomes gradually better as the 
upper bound decreases, and becomes slightly worse after reaching about 300 mm of maximum 
precipitation (Takara and Kaori,1999). 
 
In our case study, the lower bound has been fixed to the value of 1. The rest of the parameters for 
EV4 have been estimated equaling to zero the partial derivatives of the logarithm of likelihood 
function for this distribution with respect its parameters, and solving the resulting system of 
equations. Figure 2 shows the EV4 fit for Jucar river data set, and the parameter estimates. The 
estimated upper limit is 33,192 m3/s. 
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Figure 2. Plotting positions of the instantaneous maximum annual floods in Jucar river and EV4 fit with 

systematic and non-systematic information. 

 
Elíasson transformed extreme value type distribution. This distribution was proposed by 
Elíasson (1994), where he suggested that bounded data fitted by a unbounded distribution as the 
EV1 (also called Gumbel) must deviate from the distribution at high return periods and tend to a 
limiting value. In Elíasson (1997), a transformed distribution function (TDF) derived from the 
basic distribution function (BDF) selected (EV1) is defined, and it is fitted to standardized annual 
maximum daily precipitation from Iceland and Washington State. 
 
A generalized distribution function, derived from the TDF, is suggested and it is used to calculate 
quantile estimates, fixing a prior estimate of the PMP based on growth factors. This TDF is 
defined as: 
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and then estimating an EV1 for this variable (Elíasson,1997). We have used this last method, and 
the resulting distribution function is given by: 
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where g, and a are the upper and lower boundaries, b is a location parameter and k* is a negative 
constant (Elíasson 1997). Elíasson (1997) concludes that a reliable estimate of the upper limit is 
not obtained from the data, but the use of the upper limit has very little effect on the estimate of 
the first and second moments, so the distribution function can be used ignoring its actual value. 
 
In our application, the k* parameter has been fixed to -0.5 in order to have better results. In this 
case also the rest of the parameters has been estimated equaling to zero the partial derivatives of 
the logarithm of likelihood function with respect its parameters. Figure 3 shows Elíasson 
transformed distribution fit for the Jucar river data set, and the parameter estimates. The 
estimated upper limit is 32,085 m3/s. The fit is clearly not good. 
 

 
Figure 3. Plotting positions of the instantaneous maximum annual floods in Jucar river and Elíasson 

transformed distribution fit with systematic and non-systematic information. 

 
The Slade-type four parameter LogNormal distribution. Proposed by Slade (1936), and called 
in this manner by Takara and Loebis (1996), this distribution is a 2 parameters LogNormal with a 
Slade-type transformation: 
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where g and a are respectly upper and lower bounds. Takara and Loebis (1996) fitted this 
distribution to data sets for 2-day precipitation at Hikone and Cikajang. They observed that when 
the four parameters was estimated, it gave larger variability of quantile estimates, and when they 
fix one of the bounds, the variability of quantile estimates becomes slightly smaller than 
estimating all parameters. They conclude that the incorporation of PMP estimate as the upper 
bound reduces error in estimation of quantiles. Also suggested to use the PMF as the upper bound 
when dealing with floods. 
 
In a posterior work, Takara and Tosa (1999) conclude that the Slade–type distribution gives good 
fitting to many hydrological datasets with sample skewness coefficient less than about 1.5. 
However, if upper bound is close to the observed maximum, it does no fit well to data. 
 
The parameters has been  estimated equaling to zero the partial deviates of the logarithm of 
likelihood function for Slade-type transformation parameter Log-normal and solving the resultant 
system. Parameter a is fixed for computational reasons to –0.001. Figure 4 shows LogNormal 4 
parameters distribution fit for Jucar river data set and the parameter estimates. The estimated 
upper limit is 34,280 m3/s. 
 

 
Figure 4. Plotting positions of the instantaneous maximum annual floods in Jucar river and LogNormal 4 

distribution fit with systematic and non-systematic information. 
 

APPLICATION OF UNBOUNDED STATISTICAL MODELS 
 
In order to compare the advantage of including an upper limit in the frequency analysis, two 
unbounded models were also fitted.  
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TCEV distribution. The Two Component Distribution Function was developed by Rossi et al. 
(1984) for mixed populations. It is based in the four parameter cdf showed in eq. (12). This 
distribution take into account that floods in a river can be produced by two different and 
independent mechanisms. Francés (1998) applied the TCEV to two Mediterranean rivers with 
historical information with good results. It must be underlined that Gumbel distribution gave him 
strong quantile underestimation. 
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=
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                                           (12) 
 

Figure 5 shows TCEV distribution fit for Jucar river data set, and the parameter estimates. The fit 
has visual consistency, and reproduce clearly the two population of the data set. 

 
 

 
Figure 5. Plotting positions of the instantaneous maximum annual floods in Jucar river and TCEV 

distribution fit with systematic and non-systematic information. 

 
LogNormal with two parameters probability distribution. We considered interesting to 
compare Slade-type four parameter LogNormal distribution with a commonly distribution used 
for frequency analysis: the LogNormal with two parameters or LN2, which pdf is given by:  
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Figure 6 shows the LN2 distribution fit for Jucar river data set, and the parameter estimates. 
There is a good fitting but the “dog leg effect” is not as well reproduced as with the TCEV. 
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Figure 6. Plotting positions of the instantaneous maximum annual floods in Jucar river and LN2 

distribution fit with systematic and non-systematic information. 

 
RESULTS AND DISCUSSION 

 
It was possible to estimate the PMF using flood frequency analysis. Table 2 compares the 
different PMF estimated by the three upper bounded models and the exponent k of eq. (2). The 
PMF and exponent k are very similar between them and to the empirical estimation using the 
world envelop (34,435 m3/s). Also  k is in the range between 5.75 and 6.0 given by Keith and 
Warn (1998). It must be noted the estimated PMF by MLE method is not sensible to the initial 
value introduced in the recursive algorithm: same result is obtained for an initial value between 
25,000 and 45,000. 
 

Table 2.  PMF in m3/s and k estimated for the Jucar river 

 PMF K 
EV4 33,192 5.956 

EV1-Elíasson 32,085 5.916 
LN4-Slade 34,280 5.994 

 
 
From Figures 2, 3 and 4 it can be selected the EV4 distribution function among the upper 
bounded models fitted to the Jucar river data. The EV1-Elíasson clearly does not fit well because 
the Gumbel BDF selection, which is not appropriated for Mediterranean rivers. On the other 
hand, from Figures 5 and 6 then unbounded selected model must be the TCEV distribution. These 
two models are compared in Figure 7 and Table 3. 
 

Table 3. Quantile estimates for different return periods T 

T EV4 TCEV  
20 2,306 1,613 
50 5,037 5,931 
100 8,504 9,189 
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500 20,252 16,565 
1,000 24,895 19,839 
5,000 30,917 26,204 
10,000 31,965 29,071 
50,000 32,913 38,140 

 
 

 
Figure 7. EV4 (continuous line) and TCEV (dashed line) fits to Jucar data set. 

 
For return periods smaller than 200 years, the quantiles of the EV4 and TCEV distributions have 
similar behavior. By chance, the TCEV 10,000 years quantile is similar to the PMF estimated 
with the EV4 model. For return periods smaller than 10,000 years, the unbounded distribution is 
underestimating the flood quantile, while for bigger return periods obviously the unbounded 
distribution overestimates them. 
 
Table 4 and Figure 8 are the results of the EV4 quantile sensitivity analysis fixing the upper limit 
to different values around the estimated one, for our case study. The effect of a change in the 
PMF value affects to the entire fitting with the same degree of variation. I.e., there is a 
proportional horizontal translation of  the curve. 
 

Table 4. Quantile estimates with EV4 and different upper limits 

 PMF – 
15000 

PMF – 
10000 

PMF - 5000 PMF PMF + 
5000 

PMF + 
10000 

PMF +1 
5000 

20 1264 1612 1959 2306 2653 3001 3348 
50 2761 3520 4279 5037 5796 6555 7314 
100 4661 5942 7223 8504 9785 11066 12347 
500 11100 14151 17201 20252 23303 26353 29404 
1000 13645 17395 21145 24895 28645 32395 36145 
5000 16945 21603 26260 30917 35574 40232 44889 
10000 17520 22335 27150 31965 36780 41595 46410 
50000 18039 22997 27955 32913 37871 42829 47787 
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Figure 8 Sensitivity analysis for EV4 for different PMF values. 

 
Therefore, the sensitivity of the bounded distributions to the value of the PMF and the differences 
with the unbounded distributions for high return periods, show us it is necessary to incorporate 
more data to reduce the uncertainty on the right part of the distributions. This additional 
information can be supply by palaeoflood data, with much longer periods of registered large 
events that systematic or historical records. 
 
Acknowledgments. This work was founded by the European Union research project “SPHERE: 
Systematic, Palaeoflood and Historical data for the improvement of Flood Risk estimation (EVG1-
1999-00010)”. 
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Abstract:  The U.S. Geological Survey Urban Geologic and Hydrologic Natural Hazards 

Initiative project has uniquely combined recently developed tools to produce and publish on the 

Internet near-real-time maps of forecast or imminent flooding.  The tools used by the project 

include powerful desktop computers, Light Detection and Ranging (LIDAR) topographic data, a 

robust two-dimensional (2-D) flow model, GIS, and Internet map server software.  The pilot 

study selected a 23-kilometer reach of the Snoqualmie River east of Seattle, Washington, that is 

between Snoqualmie Falls and Carnation, Washington.  The study developed a 2-D model based 

on LIDAR topographic data.  GIS tools were used to process elevation data for the flow model 

and to process model generated flow information into maps.  An Internet map server software 

package was used to post the flow maps to the Internet. The pilot study demonstrates the 

feasibility of combining these tools with National Weather Service flow forecasts to produce 

storm-specific areal flood information maps that are served near-real-time (in a matter of hours, 

depending on the duration of the forecast hydrograph) on a flexible and user-friendly Internet 

Web page.  

 
 

INTRODUCTION 
 
An important component of the U.S. Geological Survey (USGS) Urban Geologic and Hydrologic 

Natural Hazards Initiative project in the Puget Sound Lowland, Washington, is the monitoring 

and assessment of hydrologic hazards.   This component is developing the capability to map 

areal flooding from storm-specific point-flow estimates sufficiently quickly to aid emergency 

managers and the public.  To develop this capability, new tools were used that would give 

relatively inexpensive, high-resolution elevation data for a large area; areally distributed flow 

information for forecast flows; maps of flow information; and Internet access to the maps.  The 
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availability of powerful, inexpensive desktop computers made it possible to use and combine the 

tools.  Tools used to develop the Internet flood maps include LIDAR, a robust 2-D flow model, 

GIS, and Internet map server software.  Each tool was selected to help achieve the goal of 

presenting near-real-time flood maps on the Internet.  Project tasks included development of the 

flow model (the Snoqualmie River model), flood map construction, and Internet map serving.   

 
FLOW MODEL DEVELOPMENT 

 
For many years, one-dimensional step-backwater models were the only type of model readily 

available to estimate flood elevations. These models have remained prevalent because of the 

large expense required to develop the elevation data needed and the questionable robustness of 

many 2-D flow models.  Hydraulic flow models, especially 2-D models, require elevation data of 

good accuracy and high resolution.  Additionally, most 2-D flow models have problems with 

propagating large flood flows on dry channels with reasonable computational speed.  LIDAR and 

newer numerical schemes in flow modeling are eliminating these constraints on the use of two-

dimension flow models.   

 

A 23-kilometer reach of the Snoqualmie River between Snoqualmie Falls and Carnation, 

Washington, was modeled for this study.  This process included developing a 2-D model grid of 

ground-surface elevations, specifying upstream and downstream hydraulic boundary conditions, 

selecting an appropriate computational time step for simulations, calibrating the model with data 

from a 1986 flood, and validating the calibration with data from a 1975 flood.   

 

LIDAR Topography:  In the past, elevation data of adequate accuracy and detail for use in 

hydraulic flow models has been expensive to obtain.  Recent developments in LIDAR 

technology have made very-high-accuracy elevation data (accurate to around one-half foot) 

relatively affordable (on the order of $500 per square mile). LIDAR is essentially laser range 

finding using high-pulse rate laser scans from an airplane that is precisely located using state-of-

the-art positioning and inertial navigation systems. The resulting data set is a very dense array of 

elevations.  Included in the raw LIDAR data set are data points that reflect unwanted information 

such as the tops of trees and water surfaces.  Collecting the data during leaf-off and at low flow 
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minimizes the number of these unwanted data points. Extensive post-processing is required to 

arrive at a “bald earth” data set needed for modeling and mapping.   Because of cost 

considerations, no bathymetric surveys of the river were performed for the study.  Average 

channel cross-sections, adjusted by local slope, were placed in the LIDAR data by the use of GIS 

processing commands as needed to correct obvious errors in channel bathymetry (figure 1).  The 

base 8-meter resolution topography grid used by the flow model was sampled from 2-meter-

resolution LIDAR data of the study area.   
 

 
Figure 1.  Shaded relief image of LIDAR topography after tree removal and smoothing of main 
channel, showing elevation errors in tributary. 
 
 
Robust Flow Model:  Most existing 2-D models are constrained by limitations resulting in large 

part from the robustness of their solution algorithm. The model applied for this pilot study is 

TrimR2D, a finite-difference depth-averaged model, which, due to a unique solution method, 

allows simulation of long reaches, remains stable when simulating extreme hydrographs, and is 

robust enough to handle an input hydrograph without tedious trial-and-error preparation of 

usable initial conditions.  It has been successfully applied to estuarine locations, such as San 

Francisco Bay (Cheng and others, 1993).  Testing has demonstrated that the model is able to 

flood and dry computational cells easily.  Unlike many depth-averaged 2-D flow models, 

TrimR2D can handle flow regime changes.  The model is more stable than traditional finite-

element and many finite-difference models used in riverine modeling and is capable of routing 

flows on steep river systems and simulating wetting and drying. The model currently lacks two 

important features: the ability to vary roughness coefficients areally (they may be varied with 
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depth), and to simulate the effects of floodwater overtopping bridge decks. These shortcomings 

were not considered significant for modeling the Snoqualmie River because land cover in the 

valley is fairly homogeneous, and the flows simulated were of moderate recurrence interval (10 

year) and not large enough to inundate bridge decks.  

 

Model Grid: The Snoqualmie River model uses an 8-meter-resolution topographic grid.  

However, because the model uses a staggered grid scheme in which depth is assigned only at 

velocity computation points, flow is computed on a 16-meter-resolution numerical grid.  For this 

study flow is computed over a 515-by-825-cell grid that spans the Snoqualmie River from 

Snoqualmie Falls to just downstream of Carnation, Washington.  The flow variables simulated 

include flow depth and the x and y horizontal velocities. The Snoqualmie River model uses 

observed discharges at the Raging River near Fall City gage (station no. 12145500), the Tolt 

River near Carnation gage (station no. 12148500), and the Snoqualmie River near Snoqualmie 

gage (station no. 12144500) as inflow (upstream) boundary conditions to drive the model 

application. Observed water-surface elevation at the Snoqualmie River near Carnation gage 

(station no. 12149000) was used as the outflow (downstream) boundary condition.  The 

computational time-step size for the Snoqualmie River model was set to 1.5 seconds; that time-

step size allowed the model to propagate the flow across dry areas while maintaining model 

stability for the flow events tested.  

 

Model Calibration and Validation:  Use of the TrimR2D model required calibration and 

verification of the roughness values (Manning’s roughness coefficients) for the Snoqualmie 

River model.  The flow model was calibrated by adjusting roughness coefficients until computed 

peak water elevations reasonably matched measured peak water elevations for a November 24, 

1986, flood.  The application was subsequently validated by comparing computed and measured 

peak water elevations for a December 3, 1975, flood (figure 2).  No data was available to 

validate the areal extent of flooding. Inflow discharges and outflow water-surface elevations 

were available at a one-hour time interval for both events.  Flood events were simulated for a 

period that started when the flow went out of bank at Snoqualmie Falls and ended when the peak 

arrived at Carnation.  Measured high-water marks were available for both floods at 5 stations 

 4



from the U.S. Army Corps of Engineers (COE), but data were not available for comparing 

simulated and actual inundated areas.   

 
Figure 2.  Peak elevations computed by calibration and validation model runs for the study reach. 

 

The 1986 flood used for model calibration had a 0.1 probability of occurrence (10-year 

frequency). The peak discharge was 1,591 cubic meters per second (cms) at the Snoqualmie 

River near Carnation gage (station no. 12149000) and was 1,636 cms at the Snoqualmie River 

near Snoqualmie gage (station no. 12144500).  The flood was simulated for a 36-hour period. 

The hourly outflow water-surface elevation for the calibration was the measured stage at the 

Snoqualmie River near Carnation gage (station no. 12149000).  During the 1986 flood, flow at 

the Tolt River peaked before the flows at either of the Snoqualmie River gages. Manning's 

roughness values were varied from 0.035 to 0.120 (not varied with depth).  Computed peak 

water-surface elevations were compared to high-water mark (HWM) elevations measured by the 

COE for the flood at five locations in the modeled reach. The best fit was for a Manning's 
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roughness value of 0.12. Errors for the computed water elevations varied from -0.53 meters

to +0.67 m. Water-surface elevation was overestimated by the model at the most upstream 

observation point and underestimated at the downstream observation points. In the upper re

the valley is not as flat as in the lower reach, and this error may not be significant; in the 

relatively flatter lower reach, an estimate on the order of 0.5 meter too low may significan

under represent shallow inundation. The average error was -0.11 m and the average absolute 

error was 0.41 m for the COE observation points. 
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frequency).  The event had multiple peaks at the Snoqualmie River near Snoqualmie ga

peak discharge was 1,475 cms at the Carnation gage and was 1,467 cms at the Snoqualmie near 

Snoqualmie gage. The flood event was simulated for a 59-hour period.  Peak water-surface 

elevations were compared to the HWM elevations collected by the COE for the flood at five

points in the model reach.  Simulation errors varied from -0.37 m to +0.68 m.  Similar to the 

calibration results, water-surface elevations were overestimated at the upstream observation 

point and underestimated at the other observation points.  The average error was -0.09 m and

average absolute error was 0.36 m for the COE observation points. 

 

 from model simulations includes e

arrival, time to flood crest, and the maximum flow depth. The time to flood arrival is the hou

which each node initially becomes wet; the time to flood crest is the hour at which the maximum 

depth occurs at each node during the simulation; the maximum flow depths are the maximum 

depth that occurs at each node during the simulation.   

Flood information from the inundation simulations—tim

times, and maximum flow depths—is obtained by post-processing the output files from the 

TrimR2D model.  Flow variables, including flow depth and velocities, are written to the mod

output file at an hourly interval for every computational node.  The resulting output file or files 

are then processed to select the flood arrival times (figure 3), flood crest arrival times (figure 3),

and the peak flow depths from the flood simulation output.   
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Figure 3.  Peak arrival times and flood arrival times (time to wet) for the study reach. 
 
 

INTERNET MAP SERVING 
 
Many steps are required to serve flow maps on the Internet, including:  transforming the National 

Weather Service (NWS) forecast data into the model input file, timebc.dat; running of the flow 

model; GIS processing of the model results; and finally, presentation on the Internet using a map 

server (figure 4).  

 
Forecast Flows and Model Computations:  The model is applied to estimate flood inundation 

that would result in the Snoqualmie River valley from flow volumes forecast by a National 

Weather Service River Forecast Center (NWS-RFC). Flow and water-surface elevation forecasts 

for several locations on the river are generated by the NWS-RFC located in Portland, Oregon 

daily when storms are imminent. The forecasts are based on regional rainfall-runoff relations and 
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comprise six-hour forecasts over a period of three to five days. NWS forecast locations in the 

model reach include the Snoqualmie River near Snoqualmie, the Tolt River near Carnation, and 

the Snoqualmie River near Carnation.  These data are automatically downloaded from the NWS-

RFC computers and processed for input into the Snoqualmie River model.  Preparation of the 

NWS river forecast data includes the estimation of flows in the Raging River because the NWS 

forecast locations do not include the Raging River. The flows for the 1975 and 1986 floods were 

used to determine an equation for estimating the Raging River flows based on flows at the 

Snoqualmie River near Snoqualmie gage.  

 

 
Figure 4.  Diagram of process to create near-real-time flood maps. 

 

Mapping and Internet Publishing:  Automated post-processing routines created for the pilot 

study use a geographic information system (GIS) to produce map files suitable for Internet map-

server software that presents the information in a flexible, user-friendly map in near real time 

over the Internet.  A file-processing program performs two file conversion processes: retrieving 
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and preparing NWS forecast data for input to the hydraulic model, and post-processing the 

model results into depth and time information layers and preparing them for input to the Internet 

map server. The retrieval program uses the Internet file-transfer-protocol, FTP, to access the 

forecasts, processes the information into the appropriate time and dimension units, and prepares 

the input files according to the model requirements. For this demonstration project, the model is 

run as a stand-alone application in order to monitor its performance. Another automated 

application processes the three output files created by TrimR2D: a file with maximum flood 

depths for all locations in the study area, a file with flood crest arrival times, and a file with flood 

arrival times. The three files generated by TrimR2D are ASCII files and need to be converted to 

a spatial data format that can be displayed on the Internet. Initially, a Visual Basic program starts 

a GIS (Arc/INFO®) and runs an Arc Macro Language program, shape.aml that converts the 

TrimR2D output files from ASCII format to shape files (a georeferenced graphics exchange file). 

First, the ASCIIGRID command in shape.aml converts the ASCII files from TrimR2D into 

GRIDs, a spatial data format for raster data. Commands then execute to aggregate the values for 

the maximum flood depth into three categories (0 to 2 foot depth, 2 to 5 foot depth, and greater 

than a 5 foot depth). Finally, the GRIDPOLY and ARCSHAPE commands execute and convert 

the GRIDs into three shape files. The Visual Basic program then copies the shape files to a 

directory where the internet map server can display them on the Internet.  

 

Internet map servers are an emerging software technology developed specifically to allow greater 

flexibility for the authors and viewers of maps. The authors have the ability to control the map 

components and their appearance according to the scale the user selects to view the map. The 

users have the ability to select which components to view. For example, a map component of a 

residential road network would be too detailed for a small-scale map (perhaps an area covering 

several counties), so the author would not offer that road network at that scale, but may make it 

active at larger scales where the network would not clutter the map. The user may be given the 

choice of a topographic map or an aerial photograph to use as the background. Once a map 

component is imported into the internet map server, the author of the map application has the 

ability to select the scales at which it is viewable. The author also has the ability to change the 

appearance of the component at specific scales—a highway map, for example, may be made to 

appear as a single red line at the smallest scale, while at larger scales it may appear as a 
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composite red-and-black line to distinguish it from local roads. Images may be compressed for 

viewing at small (regional) scales for quick Internet transfer, and progressively be delivered at 

greater and greater resolution as smaller geographic areas are selected for viewing. Figure 5 is a 

screen shot showing flood depths from the calibration model run at a moderately small scale 

(about 1:16,000 as viewed on screen). 

 

 

 

Figure 5.  Computer screen shot of Snoqualmie River flood information presented by the Internet 

map server. 

  
 

CONCLUSIONS 
 

Currently available tools can be used to provide near-real-time maps of forecast flood discharges 

for delivery via the Internet.  The pilot study has created a process to automatically retrieve and 
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process NWS flood forecasts for input into a 2-D hydraulic model.  Results for the 23-kilometer 

reach of the Snoqualmie River are subsequently automatically processed into maps of depth of 

flood, time until arrival, and time until peak maps ready for input to the Internet map server.  The 

map server presents the information over the Internet in an interactive mapping format. 
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Abstract: Distributed parameter watershed models that are physics-based offer distinct 
advantages over conceptual rainfall-runoff models. Vflo™ incorporates routing of unsteady flow 
through channel and overland elements comprising a drainage network. A single catchment may 
be comprised of a few hundred finite elements, and up to a million for river basins covering an 
entire country. Simulation of days of response can be performed in seconds depending on 
drainage network size. Parameters are derived from GIS/RS maps with inputs from multisensor 
precipitation estimates in real-time or post-analysis. Distributed models better represent the 
spatial variability of factors that control runoff enhancing the predictability of hydrologic 
processes. Spatially distributed parameters derived from soil properties, land use/cover, 
topography, and input from radar or multi-sensor precipitation estimates offer new possibilities 
for simulating hydrologic response on a drainage network basis that is scalable from catchment 
to river basin. Combining terrestrial measurements in GIS format and meteorological output 
from radar and other sensors offers new opportunities for water management. Three case studies 
are presented that demonstrate the application of Vflo™ for different applications and watershed 
conditions/regional climate.  

INTRODUCTION 
 

Managing precious water resources, sampling protocols for water quality monitoring, protecting 
lives and property from flood damage, and flood-warning systems can benefit from customized 
and timely hydrologic prediction. Knowing how much runoff is occurring at any location in a 
watershed requires the integration of distributed hydrologic prediction models, multisensor 
estimates of precipitation from radar, satellite and gauge, and information systems for hydrologic 
information dissemination. The overall goal of the fully-distributed, physics-based hydrologic 
model, Vflo™, is to provide high-resolution runoff estimation for management of water from 
small watersheds to river basin scale. An advantage of physics-based models is that they can be 
setup with minimal historical data and still generate meaningful results. Representing the factors 
that control runoff in a spatially variable manner makes more accurate predictions possible. The 
paper presents three case studies representative of a range of watershed conditions and climate. 
Additionally, a model comparison study between Vflo™ and CASC2D is described in this 
volume by Hunter et al. (2002) for the Santa Maria Basin, Arizona. 

The purpose of Vflo™ is to simulate the flow of water across the terrain represented by 
geographical maps such as digital elevation, soils, and land use/cover.  Precipitation inputs 
consist of rainfall rate maps at time intervals, as small as 5 minutes, from radar or multisensor 
inputs. The radar system deployed nationwide in the US, called NEXRAD (WSR-88D), provides 
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unprecedented high-resolution rainfall estimates. Vieux (2001b,c) describes the use of NEXRAD 
radar in hydrologic modeling within a GIS framework. When radar is supplemented with 
satellite, rain gauge networks, a multisensor input results that can overcome terrain blockages 
and other anomalies. The main use of the software is for simulating the hydrologic response of 
basins or regions experiencing severe storms and heavy rain. The subject matter of this paper is 
organized with a description of how distributed hydrologic modeling approaches; model 
formulation and system design; and then preliminary results that demonstrate the application of 
Vflo™ to watersheds under diverse conditions and regions. 

Overview of hydrologic modeling approach: A model capable of using the wealth of 
information content available in digital datasets derived from remote sensing and GIS offers the 
potential for improved predictability. Understanding the limitations of hydrologic predictability 
is a project of the Committee on Hydrologic Science of the National Research Council 
(Entekahbi et al., 2002). Woolhiser (1996) observed that hydrologic model predictions may not 
be improved using GIS data if hydrologic processes are badly distorted in the model 
representation. Vieux (2002) presents the need for developing synergy between distributed 
hydrologic model development and the resolution and uncertainties associated with scale and 
observability of spatial parameters and inputs. Model development that takes advantage of 
worldwide digital data provides new opportunities in hydrologic prediction through the use of 
distributed models capable of using this wealth of information content.  

Classically, hydrologic models have been optimised for point measurements, and not distributed 
in space and time. The most common technique in use in the US is based on the unit hydrograph 
approach, first proposed by Sherman (1932), the unit hydrograph technique assumes a linear 
response to a unit input of rainfall excess. Snyder and others contributed later improvements and 
modifications for ungauged watersheds as described by Bedient and Huber (2001). Practical 
application of the unit hydrograph methods through the development of HEC-1 and HEC-HMS 
have been advanced by the US Army Corps of Engineers, Hydrologic Engineering Center (1981, 
2000). These techniques often assume basin averaged or sub-basin averaged parameters and 
inputs giving rise to the lumped model. Derivation of the unit hydrograph for a particular 
watershed must come from stream gage records or from synthetic estimation techniques. Both 
methods assume that the rainfall is uniform over the basin and that the basin always responds to 
the same degree given a unit of rainfall excess. Output is proportional to the rainfall depth and 
not necessarily to the rainfall intensities during the storm. Lumped models can be less responsive 
to very intense, but short-lived rainfalls, because the accumulated depth may be small and only 
over a limited area of the watershed. 

Distributed models avoid averaging parameters and input in order to more faithfully represent 
watershed characteristics. A computational scheme routes runoff from grid cell to grid cell or 
other element representative of the landscape using some set of equations termed a mathematical 
analogy. Analogies range from full dynamic to simplifications such as diffusive and kinematic 
wave. The kinematic wave analogy is applicable in areas where the landsurface slope is the 
dominant gradient and where backwater effects are not important. Physics-based models use 
conservation of mass, momentum, and energy equations to represent hydrologic processes, 
whereas conceptual models use empirical relationships together with buckets to represent 
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component processes. Moore and Grayson, (1991) describe an array of physics-based models 
that capitalize on digital models of elevation, GIS and remotely sensed (GIS/RS) geospatial data. 

The term physics-based model means that conservation of mass in combination with momentum 
and/or energy is employed to compute hydrologic fluxes. Deterministic physics-based models 
include r.water.fea (Vieux and Gauer, 1994; Vieux, 2001), CASC2D (Julien and Saghafian, 
1991; Ogden and Julien, 1994; Julien, et al., 1995), Systeme Hydrologique European (SHE) 
(Abbott et al., 1986a,b) and the Distributed Hydrology Soil Vegetation Model (DHSVM) 
(Wigmosta, et al., 1994). Conceptual rainfall-runoff (CRR) models include Precipitation-Runoff 
Modeling System (PRMS) by Leavesley et al. (1983), the Sacramento Soil Moisture Accounting 
Model (SAC-SMA) (Burnash, et al. 1973), and the HEC–HMS model (Hydrologic Engineering 
Center, 2000) that simulate runoff generation by a variety of conceptual parameters and route the 
runoff using unit hydrographs an outlet. CRR models are inherently not physics based and lump 
parameters at the basin or sub-basin level.  

One of the most significant errors in estimating the hydrologic response of a basin is the 
precipitation input. When rain gauges sparsely arranged in or near a watershed were the sole 
means of gauging the input, severe stream flow estimation errors often result. Before the advent 
of radar and satellite remote sensing of the atmosphere, there was little motivation for the 
development of better hydrologic models. Given high-resolution spatial and temporal resolution 
of precipitation intensities, advanced hydrologic modeling techniques hold some promise in 
better hydrologic prediction. With detailed precipitation input widely available, there is more 
motivation to formulate a better hydrologic model. 

MODEL FORMULATION 

The mathematical analogy for the governing equations is the kinematic wave analogy (KWA). 
The KWA has most applicability where the principle gradient is the land surface slope. Thus in 
almost all watersheds except for very flat areas, the KWA may be used. As such, this analogy 
may be used wherever backwater effects are not important. The simplified momentum equation 
and the continuity equation comprise the KWA. The one-dimensional continuity for overland 
flow resulting from rainfall excess is expressed by: 
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where R is rainfall rate; I is infiltration rate; h is flow depth; and  u is overland flow velocity. In 
the KWA, we equate the bed slope with the friction gradient. In open channel hydraulics, this 
amounts to the uniform flow assumption. Using this fact together with an appropriate relation 
between velocity, u, and flow depth, h, such as the Manning equation, we obtain 
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where So is the bed slope or principal land surface slope, and n is the hydraulic roughness. 
Velocity and flow depth depend on the land surface slope and the friction induced by the 
hydraulic roughness. For channelized flow, Eq. 1 is written with the cross-sectional area A 
instead of the flow depth h: 
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where Q is the discharge or flow rate in the channel, and q is the rate of lateral inflow per unit 
length in the channel.  

Overland flow is modeled with Eqs. 1 and 2, and channels with Eq. 3 and appropriate form of the 
Manning uniform flow relation in Eq. 2 using the finite element method. Digital maps of soils, 
land use, topography and rainfall rates are used to compute and route rainfall excess through a 
network formulation based on the Finite Element Method (FEM) computational scheme 
described by Vieux (1988, 1990). Special treatment is required to achieve a FEM solution to the 
KWA over a surface with spatially varying roughness, slope, or other parameters. Vieux et al. 
(1990) and Vieux (1991) presented such a solution using nodal values of parameters in a finite 
element solution. This method effectively treats changes in parameter values by interpolating 
nodal values across finite elements. Vieux (2001) and Vieux and Gauer (1994) describe the 
development of rainfall-runoff modeling based on a drainage network comprised of finite 
elements. The advantage of this approach is that the kinematic wave analogy can be applied to a 
spatially variable surface without numerical difficulty introduced by the shocks that would 
otherwise propagate through the system. The finite element methodology results in execution 
times that are fast enough to allow real-time computation before the next radar update. 

Accounting for unsteady flow in mild slopes, Vflo™ allows a looped rating curve for channel 
elements. Essentially, the acceleration (deceleration) induced by the rising (falling) limb of the 
hydrograph is accounted for through the Jones Formula (Henderson, 1966). In mild slope 
hydraulic conditions, looped rating curves may cause important effects on the when maximum 
flow rate is observed compared with maximum stage. Vflo™ incorporates both distributed runoff 
generation, and routing of unsteady flow through channel and overland elements. Parameters are 
derived from GIS/RS maps with inputs from multisensor precipitation estimates in real-time or 
post-analysis. Inputs and parameters are described in the following sections. 

Precipitation Input: The input to Vflo™ is from the WSR-88D radar deployed by the National 
Weather Service. Depending on application and size of the hydrologic prediction area, several 
different radar products may be used. Real-time data feeds from individual radars may be setup 
to download and process rainfall rate for input to the model. 

In the Intermountain West (IW), the WSR-88D PPS may not adequately account for mixed-
phase hydrometeors (liquid coated ice appears highly reflective to the radar). Efforts to improve 
on the existing WSR-88D PPS are reported by Gourley (1998) and Howard et al. (1997). This 
product is known as QPE-SUMS, which is under development at the NOAA-National Severe 
Storms Laboratory. Further information on QPE-SUMS development may be found on line at: 
http://www.nssl.noaa.gov/teams/western/qpe. 

Parameters from GIS: GIS/RS data are used to derive model parameters as described below. 
The choice of which GIS/RS data source to use depends on availability, resolution, and 
classification detail. Methodology for deriving model parameters from GIS/RS data is described 
in Vieux (2001). Example data sources are given but may vary depending on model application 
and availability of data. 
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Flow Direction: The flow direction map was derived from the HYDRO-1K North American 
data set available online at http://edcdaac.usgs.gov/gtopo30/hydro/index.html. The HYDRO-1K 
data set is in Lambert Equal Area Azimuthal (LEA) projection with a resolution of 1000 meters 
and serves as a valuable source of flow direction worldwide. The 8-directions in this map define 
the connectivity of the overland and channel finite elements. The resolution of the data sets does 
not matter, except that all data sets must have the same resolution and geographic projection. To 
obtain the highest quality flow direction map, a stream network delineated from a Digital 
Elevation Model (DEM) should be burned in. Several methods exist such as those described in 
Moore et al. (1991) to bias the flow direction map towards the stream network. This technique is 
advantageous in relatively flat areas, such as coastal plains or plateaus. 

Slope: This map defines slope for channel and overland flow in the Manning equation. The 
HYDRO-1K data set is a useful source of slope information worldwide, and is available online at 
http://edcdaac.usgs.gov/gtopo30/hydro. The slope was converted from degrees to percent slope. 
At this point the slope map represents overland slope (i.e. non-channel cells). The slopes of 
channel cells are burned into the overland slope for the final slope map. Slope values in VfloTM 
are generated as non-percentage values (e.g. 6.56% = 0.0656), but are displayed as a percentage. 

Infiltration: The infiltration map is essentially the saturated hydraulic conductivity and may be 
derived from any soil map with requisite property information. For example, the STATSGO 
Dominant Soil Texture is available online at http://dbwww.essc.psu.edu/. STATSGO data is 
available in LEA at a resolution of 1-km. The Dominant Soil Texture class has 16 categories 
ranging from sand to silt to clay and various other combinations. The highest soil layer referred 
to as Layer 1, the depth from the surface to 5-cm, was chosen. Initial infiltration values for each 
soil class should be estimated for the conditions expected in the watershed. Planned development 
will account for temporal changes in soil moisture using the Green and Ampt equations.  

Roughness: The hydraulic roughness map may be derived from the 30-meter Landsat data from 
National Land Cover Data (NLCD) are found at the link below. NLCD data was converted from 
Albers Conical Equal Area to LEA. The data set may be resampled to the model resolution using 
a bilinear or other interpolation technique. This map controls both channel and overland flow 
roughness values. 

Channels: Channels are parameterized with maps defining channel width, channel side slope, 
and channel bed slope. This may be entered from field surveys or estimated from gauging station 
information. Extending channel parameters from several measured locations to all stream reaches 
may require generalization using geomorphic relationships, by stream order, or other scheme. 

Shapefiles: The shapefiles in the same projection may be viewed as overlays along with finite 
element connections. Point, polyline, and polygon shapefiles may be used. Shapefiles that extend 
beyond the VfloTM domain do not need to be clipped to the domain. Mapped features orient the 
user and allow detailed editing of the drainage network by visual comparison. 

Calibration adjustment using a physically-based approach: A physics-based model 
calibration scheme adjusts parameters within realistic ranges. Volume is adjusted by varying the 
hydraulic conductivity, timing and peak discharge are controlled by the hydraulic roughness map 

5 



and channel hydraulics. Vflo™ has slider bars that adjust the multiplier applied to each 
parameter map and input. These factors are saved with the project and allow the user to easily 
calibrate the model without having to revise the parameter maps, i.e., the calibration factor only 
multiplies the map at run time. 

SYSTEM DESIGN 

JAVA servlet/applet: Secure system design for access to precipitation data from a server and 
local computation on a desktop is crucial to operational hydrology in any organization. As the 
size and scope of the organization grows, and if the public is given access to the information 
derived from the model, then a secure arrangement is needed. Secure client/server access is a key 
feature of JAVA™, which forms the basis the Vflo™ system implementation. 

JAVA Graphical User Interface: A Java graphical interface (JGI) is provided to create, 
operate, maintain, and modify the hydrologic model.  This interface includes loading a picture of 
a map of the basin and map overlays along with the flow direction map defining the drainage 
network. The JGI displays each of the properties: soil infiltration, hydraulic roughness, 
overland/channel flow elements, and drainage direction.  Parameter values may be applied 
individually for each grid cell or to the entire domain.  The JGI allows the user to edit and draw 
arrows that indicate flow in the drainage network as overland or channel flow.  A bitmap of the 
watershed area showing shaded-relief, Landsat or other imagery can be set as the background to 
assist in editing the parameters and drainage network or simply as a visual aid. ESRI standard 
shapefiles are added as overlays to assist in the definition of the drainage network or as graphical 
reference when selecting grid cells for display of hydrograph results. Once a hydrological model 
of the basin of interest has been created, it can be saved for later access. 

Editing Tools for Model Creation: A two-tier editing capability is provided. The first-tier basin 
creation and editing may be done outside of Vflo™ using ArcView. Maps of parameters and 
drainage direction may be created and edited in ArcView and then exported as ASCII output 
files (.asc). These files are then read directly into the model. As a second tier, the editing tool 
allows any parameter, drainage direction, or setting to be changed within the JGI. Once 
calibrated, the model settings and parameter maps are saved with or without rainfall amounts for 
later processing. This allows what-if-scenarios to be tested for particular events in post-analysis. 

Servlet/Applet/Desktop: The desktop application serves as a full-featured, multi-functional 
power tool for watershed and basin modeling.  This version runs as a stand-alone program on a 
Windows-based PC workstation, and accesses data locally or from a remote server via the 
workstation’s Internet connection. An Enterprise version is being developed that operates 
automatically to track flooding in a region at specific forecast points.  

PRELIMINARY RESULTS 

The following case studies show the applications of Vflo™ for 1) water resources management 
in the arid southwest in the Salt and Verde River watersheds in Arizona, 2) customized flood 
warning in the humid Texas Gulf Coast impacted by tropical cyclones, and 3) river basin 
forecasting in the Carolinas. In principal, there is no limit to model resolution. Practically, 

6 



resolution depends on available DEM resolution and the size of the basin simulated. The basin 
drainage areas are 240 km2, 5000 km2, and 31,200 km2 for Brays Bayou, Tar River, and 
Salt/Verde Rivers, respectively. At 1-km resolution, the number of grid cells equals the basin 
area. Each grid cell is connected with either a channel or overland flow finite element. 

Salt and Verde River: Knowing the amount of runoff expected above a reservoir permits more 
efficient operation minimizing unintentional loss (spills). Sudden releases of water from 
reservoirs in the Salt and Verde watersheds managed by the Salt River Project (SRP) require 
downstream notification. Better information on runoff into reservoirs means better operations for 
conserving water. Panel (a) in Figure 1 shows the watershed boundary of the 31,200-km2 Salt 
and Verde watersheds with the drainage network superimposed over landuse/cover backdrop 
derived from Landsat 7. The 1-km DEM in panel (b) is used to develop the drainage network and 
assign overland slope. Panel (c) is zoomed into a particular stream channel node containing a 
USGS stream gauge. The hydrograph in panel (c) is generated for a test storm event.  

 
(a) (b) 

(c) (d) 

Figure 1 Salt and Verde River model domain. 

In operation, the model receives input from the QPE-SUMS multisensor precipitation estimates. 
Further studies are planned to further parameterize the model as wintertime and summertime 
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storm events are archived. Snow melt and other modifications are planned to account for runoff 
processes dominant in the watersheds. 

Brays Bayou, Houston, Texas: As part of a customized flood alert system for the Texas 
Medical Center (TMC) and Rice University in Houston, TX, Vflo™ will serve as a real-time 
model to predict stage in Brays Bayou. When the 240 km2 upstream watershed receives intense 
prolonged rainfall, the TMC can sustain flood damages. The upper left panel (a) in Figure 2 
shows the landuse/cover derived from Landsat 7 for a portion of the Texas Gulf Coast. To the 
right in panel (b) is the 1-km DEM for the same region. In panel (c) is Brays Bayou shown with 
shapefiles and an image backdrop showing elevation. Panel (d) is zoomed in over a USGS 
stream gauging station just upstream of the TMC. The hydrograph shown in panel (e) is taken at 
this location for Tropical Storm Allison. Radar was calibrated to rain gauge accumulations, 
however the model was not calibrated. Radar input was derived from KHGX at the native 
resolution but aggregated to an even 15-minute interval. Physically realistic values of the 
parameters were derived from soils and landuse/cover. Agreement with observed is better than 
1%. The USGS stream gauge was lost during the storm, yet the field-estimated flow rate is 
33,000 cfs. The predicted flow rate is 33,132 cfs.  

(a)  (b) 

Figure 2 Vflo™ domain Brays Bayou simulation for Tropical Storm Allison, June 9, 2001. 
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(c) 
 

(d) (e) 

Figure 2 cont’d. 

Since Tropical Storm Allison, development is underway to operate the flood alert system known 
as FAS2 using Vflo™ to predict stage in Brays Bayou for the TMC. Information on FAS is 
online at: http://www.floodalert.org. 
 
Tar River, North Carolina: Hurricane Floyd in 1999 produced record flooding in the Carolinas 
exceeding in many locations previous flood records set during Hurricane Fran in 1996. This 
spawned a remapping of floodplains using advanced topographical measurements from LIDAR. 
Tropical Storm Allison, a prodigious rain producer, caused much less damage in the Carolinas 
than in Houston TX where it first made landfall. Simulation of Allison for the 5,000 km2 Tar 
River at Greenville, NC was conducted to test the model’s ability to simulate response from a 
major river basin without calibration, but with physically realistic parameters. The radar data was 
derived from 4x4 km digital precipitation array (DPA) NEXRAD data and was unadjusted. 
Compensating errors likely exist; however, the agreement was exceedingly good, especially 
when no calibration was performed. Panel (a) in Figure 3 shows the landuse/cover derived from 
Landsat 7 along with the outline of the Tar River watershed and drainage networks. Panel (b) 
shows the grid cell connectivity at 1-km resolution. Panel (c) shows two hydrographs along with 
daily mean discharge from the USGS gauge. Volume agreed within 2% and peak flow within 
13%. A second test was made with lumped hydraulic roughness, n=0.045. 
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(a) 

(b) 
Figure 3 Tar River model domain and simulation for Tropical Storm Allison. 
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(c) 

Figure 3 cont’d. 

SUMMARY 

A newly developed physics-based, fully-distributed hydrologic model, called Vflo™, simulates 
rainfall runoff in overland flow areas and routes the flow through channel networks. Advances in 
worldwide digital geospatial data and radar, satellite as multisensor inputs permit unprecedented 
knowledge of how much, and where runoff will occur. Combining terrestrial GIS/RS data with 
meteorological radar measurements in a single model is an important advance in model 
technology. Model structure is optimized to handle gridded parameters and inputs for truly 
distributed simulation in real-time. Implemented in JAVA™, secure access permits users in 
organizations to model hydrologic response anywhere in the drainage network. Hydrologic 
prediction from local to regional scales with the same model is an important advance in 
technological capabilities. 
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INTRODUCTION 
 
In order to have a good and robust flood model for simulation and prediction, it is necessary to 
have a conceptualization of the reality as physically based as possible, but coherent with the 
working scale, and to use the maximum amount of information for the parameters estimation. In 
this work a conceptual distributed Land Surface Model called TETIS is presented, and its 
implementation in the SAIH (a real time hydrological information system mainly for flood 
warning) of the Confederación Hidrográfica del Tajo (Tagus river Water Board) in Spain is 
described. 
 
The Tagus river is located in the central part of the 
Iberian Peninsula, draining to the Atlantic Ocean, as it 
is shown in Figure 1. The Tagus basin corresponding 
with the borderline between Spain and Portugal has an 
area of 59,200 km², the mayor part in Spain. The 
Warning System has 162 raingauges, 52 flow gauges, 
49 sensored reservoirs, 4 snow stations and 9 complete 
meteorological stations connected via satellite in real 
time with the Operation Center, and with a data time 
discretization of 15 minutes. The system starts 
operation at the beginning of 2001. 
 
The main advantage of distributed modelling with 
regards to traditional lumped modelling, is a better representation of spatial variability of: 

Figure 1. Location of Tagus river basin in Spain.

 
i) the input (precipitation), 
ii) the parameters which describe the different phenomena within the hydrological 

processes of runoff production and propagation, and 
iii) the initial condition of the state variables. 

 
Not considering this spatial variability can produce large errors in the runoff production 
estimation (Sivapalan and Wood, 1986). Additionally, several authors showed us the advantages 
of spatial discretization compared with basin areal averaging in lumped modelling (Naef, 1981, 
Wilcox et al., 1990, Michaud and Sorooshian, 1994, Francés and Benito, 1995, Mamillapalli et al., 
1996). However, a point of equilibrium must be achieved. The temporal and spatial scales are 
selected in agreement with: technical requirements, computational time and, most important, the 
quality of spatial information data. In the problem we are dealing with, the size of the 
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discretization was 500 m, which is bigger than the mean slope size, but four times smaller than 
the Representative Elementary Area found by Wood et al. (1988). 
 
Beven (1989) highlighted physically based distributed models suffer same problems of 
conceptual lumped model, but in different degree. The uncertainty in data and over-
parameterization when is performed simulation, makes difficult the optimization process. The 
researcher is who decides which parameters are more sensitive and which are not. As conclusion, 
it is not necessary to develop physically based models: conceptual models can represent with a 
similar degree of approximation the reality and they are better since they are simpler, because 
involve a smaller number of parameters, require less information and are more economic. All 
this features are satisfied if are employed at the appropriate scale (Beven, 1989, and Grayson et 
al., 1992b). 
 
Distributed hydrological modeling requires the estimation of a set of soil related and channel 
network parameters at each cell. This requirement is problematic especially at large basins, 
where we can have hundreds of thousand of cells. In this work, a simple and efficient method for 
parameters estimation is presented. The method uses for the terrain parameters estimation all 
available standard environmental spatial information (soils, geology, topography, etc.), based on 
linear estimates using a weighted minimum squares method. For the channel network hydraulic 
characteristics, regional geomorphological relationships are used. 
 
 

RUNOFF PRODUCTION SUBMODEL 
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Model general structure. Different conceptual schemes 
for runoff production can be found in literature. Most of 
them have a schematic representation with some vertical 
tanks linked between them and based on water balance on 
the soil. These schemes have been used with success in 
lumped conceptual continuous simulation for a long time: 
Stanford, Sacramento Moisture Accounting Model, 
Tankmodel, the french GR-3 model, etc. And some of 
them have been adapted to distributed modelling: 
Watflood, DVSM, SLURP, etc. 
 
As it is shown in Figures 2 and 3, the proposed 
conceptualization with TETIS is a 3D mesh of connected 
tanks with 5 layers, each one representing the different 
water storages in an “extended soil column”: static, 
surface, gravitational and saturated storage in the soil, 
and, in case of snow cover, an additional tank is 
activated. The vertical connections between cells describe 
the precipitation (rainfall or snow), snow melting, 
evapotranspiration, infiltration and percolation processes. 
The horizontal connections describe the surface runoff (or 
direct runoff), interflow (or subsurface flow) and base flow. Therefore, the three main 

Figure 2. Vertical scheme at each cell 
adopted by TETIS model. 
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components of the observed hydrograph at the basin outlet can be simulated. Also, the 
continuous water balance allows the model to have a better estimation of the antecedent moisture 
condition before the storm event, which can be crucial for the runoff production at the initial 
stages of any flood event. 
 
Which can be considered as an 
innovation is the conceptual scheme of 
the horizontal movement along the basin 
presented in Figure 3. The three non 
static tanks drain toward the 
corresponding tank in the downstream 
cell following the surface flow 
directions, until reaches the channel 
network, defined in all cells. Drainage 
direction for each cell can be obtained 
from the basin DEM. 

Figure 3. General description of the horizontal 
connectivity and movement along basin. 

 
The maximum path length for each tank is defined by the user. For surface runoff and interflow 
its maximum path length will be related with the relative size between slopes and the cells of the 
model. For the base flow, the maximum path length is estimated base on the starting point of 
permanent flow in the channel network.  
 
At each tank, the water balance equation is always used. On the other hand, the dynamic 
equations governing the movements between tanks depend on the physics of each process at each 
particular basin. For example, in the case of the interflow, the dynamic equation can been based 
on Darcy's law with vertical constant permeability (which is equivalent to a linear reservoir), or 
on the Suzuki's simplification of the Richards equations for saturated and unsaturated flow 
(which gives a potential type result with an exponent of two). From this point of view, TETIS 
has an open structure to any dynamic equation. However, for the sack of simplicity, we are going 
to describe the linear representations of flows, which at the end were implemented in the Tagus 
Flood Warning System. 
 
Static storage. The first storage, called static tank T1, represents interception, water detention in 
puddles and retained water by capillary forces in the upper part of the soil (rooting zone). 
Therefore, this tank must have a maximum capacity denoted by Hu

*. The water here only comes 
out by evapotranspiration Y1, without contributing to the runoff. According to the model, the 
precipitation plus the snow melting X1 is derived (D1) to the static tank, until the maximum 
capacity is reached. In this case, the excedence will be defined as: 
 
 X2=Max{0, X1-Hu

*+H1} (1) 
 
Part of the non excedence flow D1 represents the infiltration which goes to the capillary zone of 
the soil. The actual evapotranspiration Y1 has been included in the model in a simple way, as a 
funtion of the available water, the potential evapotranspiration, PET, and the vegetation cover 
index λ*(t) (which can be a function of time): 
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 Y1=Min{PET λ*(t), H1} (2) 
 
Surface storage. The second tank T2 represents the water on the hill slope surface, which either 
can flows over the surface as direct runoff or can infiltrates. Therefore, this tank and their 
residence time must be coherent with behavior of actual slopes along the basin. After ponding of 
the static tank, gravitational infiltration capacity can be approximated by the saturated soil 
hydraulic conductivity, ks

*, and the gravitational infiltration X3 will be: 
 
 X3=Min{X2 , Δt ks

*} (3) 
 
The overland flow at each cell can be represented by a set of small canals. If we assume a 
constant velocity and we apply the continuity equation, the direct runnoff will be given by a 
linear reservoir: 
 Y2=α H2 (4) 

where the discharge coefficient of the linear reservoir is computed from: 
xtv

x
Δ+Δ

Δ
−= *1α , and 

the hill slope velocity can be estimated with: . The coefficient 1.4 corresponds to a 
prior estimation carried out so the rank of flow velocities can be found among 1.0 and 0.01 m/s, 
for an extensive rank of slopes. 

5.04.1 osv ⋅=

 
Gravitational storage. Third tank level T3 can be understood as gravitational storage in the 
upper part of the soil, between field capacity and saturation. The outflows of this tank are deep 
percolation X4 and hill slope interflow Y3. The percolation capacity kp

* can be estimated from the 
saturated hydraulic conductivity of upper soil substrat (deep soil or base rock), and percolation 
computed in such a manner similar to equation (3). In order to estimate the interflow Y3 and 
following the analogous formulation presented for the surface tank T2, a linear reservoir is 

assumed, where in this case 
xtk

x

ss Δ+Δ
Δ

−= *1α , and kss
* represents the horizontal hydraulic 

conductivity of the soil, defined by its macropore structure.  
 
Aquifer. Fourth level T4 represents saturated storage, where outflows correspond to underground 
losses X5 and base flow Y4. The underground losses are expressed as a function of a maximum 
capacity kpp

* , similar to equation (3). Base flow is usually approached in the literature with a 
linear reservoir, with a discharge coefficient which can be related with the aquifer saturated 

hydraulic conductivity with the expression: 
xtk

x

b Δ+Δ
Δ

−= *1α  

 
Snow cover. In case of snow, a fifth tank T0 is activacted. Precipitation is considered as snow to 
be added to this tank, if temperature is below a given threshold. For the Tagus model, snow 
melting is simulated by the index temperature method, with two melting coefficients for rainfall 
and without rainfall. The melted snow is added to the precipitation, in order to compute the input 
X1 for the static tank. 
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PRODUCTION PARAMETERS ESTIMATION 
 
Parameter Components. The described TETIS runoff production model has 8 parameters at 
each cell (excluding the 3 global parameters for the snow melting process). Unfortunately, with 
the nowadays available environmental information there will be a different degree of 
approximation in the estimation of all these cell parameters. And the same must happens with 
any other model. In TETIS, model cell parameters have been separated in two components: a 
landscape characteristic and a correction factor. The objective of the correction factors is to take 
into account the estimation error of the landscape characteristics, closely related with the 
corresponding cell model parameter. With this structure, the cell parameters in TETIS have the 
next decomposition: 

i) Maximum static capacity:  Hu
* = R1 Hu 

ii) Vegetation cover index: λ*(t) =R2 λ(t) 
iii) Infiltration capacity: ks

* = R3 ks 
iv) Direct runoff velocity: v* = R4 v 
v)  Percolation capacity: kp

* = R5 kp 
vi) Interflow velocity: kss* = R6 ks 

vii) Underground losses capacity: kpp
* = R7 kp 

viii) Base flow velocity: kb* = R8 kp  
 
where R1, ... R8 are the correction factors to be calibrated. All parameters are a function of 5 
basic landscape characteristics. Two of them can be easily estimated: from the DEM the cell 
surface slope for the velocity of the direct runoff, and the type of vegetation from the land use 
map. The other three are soil characteristics and have more estimation difficulties: the maximum 
soil available water for evapotranspiration, Hu, the saturated upper soil hydraulic conductivity, ks, 
and saturated deep soil (or base rock) hydraulic conductivity, kp. Obviously R1, R2, R3, R4 and R5 
are expected to be around 1. 
 
Correction factors are common to all cells within the basin, or within regions in the basin, which 
means there are only 8 parameters to be calibrated, instead of 8 times the number of cells. If 
there is no model and input errors, the correction factors take into account of time and spatial 
scale effects, and leaving the basic landscape characteristics free of these distorsions. 
 
Estimation of soil characteristics. It is not easy the estimate soil characteristics at the cell scale 
because to its high spatial variability. But it must be considered there are two levels of spatial 
variability: 
 
i) The general tendency marked by the catena process can be obtained using large 

cartographic units. Each cartographic unit j presents an homogeneous behaviour for a soil 
characteristic, represented by its modal value yj

m. Modal values of the soil characteristics 
can be obtained from field work and/or from soil and hydrogeology maps. 

ii) There is a second level of spatial variability inside the cartographic unit, resulting in a 
different value for each cell. 

 
To estimate the soil characteristics at each cell, we will diferentiate between main and 
environmental variables. A main variable is each of the three soil characteristics. The 
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environmental variables explain the spatial variability of the main variables within the 
cartographic units. We will use linear and nonlinear regressions to relate main and environmental 
variables. The regression coefficients are estimated using the modal values, by a weighted least 
square method. Lastly, the soil characteristic at each cell is computed using the estimated 
regression expresion and forcing a mean value at each cartographic unit equal to its modal value: 

 ( )[ ]yEyxy ij
m
j jijk

a

k
kij −+∑+=

=1
0 ββ  (5) 

where yij is the main variable estimated at cell i in the cartographic unit j, and xijk is the 
environmental variable k at cell i in the cartographic unit j. 

 
Estimation in the Tagus basin. The modal values 
of the main variables at each cartographic unit 
were obtained from the Spanish Soil Map legend. 
The environmental variables enumerated in Table 1 
were extracted from European Community Soil 
Maps, Spanish Geological Map, Iberian Peninsula 
and Balearic Island Tectonic Map (with an scale 
1:1,000,000), the european CORINE inventory 
map (scale 1:200,000) and a DEM supplied by the 
Tagus river Water Board, with a initial cell 
resolution of 100 m. It was very satisfactory the 
use of discrete environmental variables, because 
they emphasize actual contrasted situations. 

Table 1. Main environmental variables used 
to estimate soil characteristics 

 
Environmental variable Type 
Hydraulic soil conductivity Continuous 
Max. storage soil capacity  Continuous 
Structural domain Discrete 
Hydrogeological units Discrete 
Stratigraphic units Discrete 
Fracture density Discrete 
Land use I (forest or not) Discrete 
Land use  II (urban or not) Discrete 
Main drainage network Discrete 
Altitude Continuous 
Slope Continuous 
Slope orientation Discrete 
Relief curvature Continuous 
Topographic index Continuous 

 
 
 
 
The regional analysis was carried out using 99 
different sample values. Then, the adjusted 
regression equation for each main variable was 
estimated, as it is shown in Figure 4 for the 
maximum soil available water for 
evapotranspiration. The correlation coefficient 
exceeded for the three soil characteristics the 98%.  
 
 

RUNOFF PROPAGATION SUBMODEL 
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Kinematic wave approach. For the runoff routing 
along the channel network the kinematic wave 
procedure is employed, which is a simplification of 

Saint Venant equations where inertial and pressure terms are neglected. The continuity equation 
can be presented in the following way: 

Figure 4. Fitted regression to the 
observed Hu. 

 t
j

tjtt QISS −=− ∑− ,1  (6) 
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where, S represents the volume in the channel reach, Ijt are input flows (direct runoff, interflow, 
base flow and/or upstream flow) and Qt represents the downstream outflow. Assuming prismatic 
canals with constant section along the reach and Qt only depends of state variables, the continuity 
equation can be transformed in terms of water velocity and cross section: 

 1, −+=Δ+Δ ∑ t
j

tj
t

t
t SIt

A
vxA  (7)  

The kinematic wave simplification supposes the energy line slope is equal to the slope channel. 
Then, flow velocity and flow depth can be related by Manning’s equation. For a a wide canal: 

 
2/1

0

3/21 s
w
A

n
v ⎟

⎠
⎞

⎜
⎝
⎛=

 (8) 
Unfortunately, it is not economically feasible to measure all channel hydraulic characteristics for 
all cells, especially in a large basin, with the only exception of the slope estimated from a DEM. 
 
Geomorphological kinematic wave. The main characteristics of channel cross section at each 
element belonging to drainage network can be obtained from geomorphologic relationships. 
These relationships were proposed by Leopold and Maddock (1953), who related the cross 
section geometry (depth y and width w) and velocity v with the river discharge Q using potential 
equations. According to Leopold et al. (1964) for a region with climatic and geomorphologic 
homogeneous conditions exists a potential relationship between bankfull discharge Qb and the 
drainage area Λ to a particular cell. Combining all these equations, we can obtain that: 
 
 ( ) 221 βββϕ QKy y

−Λ=  

 ( ) 221 εεεϕ QKw w
−Λ=  (9) 

 ( ) 221 λλλϕ QKv v
−Λ=   

 
where Ky, Kw, Kv and the exponents are basin or regional parameters. This type of relationships 
can be useful in distributed hydrology, since it allows an efficient characterization for the whole 
drainage network of the cross section characteristics.  
 
On the other hand, in Fluvial Hydraulic different expressions are used to obtain Manning 
coefficient as function of bed material size. In order to estimate roughness coefficient, some 
authors have proposed equations including sediment size or relative roughness, (Strickler, 1924; 
Limerinos, 1970; and Hey, 1979). Another way to obtain Manning’s coefficient n is by 
employing expressions representing cuasi-equilibrium dynamic river slope as function of 
sediment diameter and cumulative area, (Hack, 1957 and Bray, 1979). As conclusion, roughness 
varies with position and flow. Hence, the following general equation can be proposed (Vélez, 
2001): 
  (10)  321 σσσ syn ΩΛ=
 
where coefficient Ω and exponents σ1, σ2 and σ3 are regional parameters. Substituting 
equations (9) and (10) into equations (7) and (8) we finally obtain: 
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PROPAGATION PARAMETERS ESTIMATION 
 
Parameters components. In equation (11) there are two geomorphologic parameters, Λ and s0, 
that can be obtained directly from the DEM. The other eight parameters can be obtained 
according to the following potential relationships: 
 

i) Cumulative basin area versus bankfull discharge:  ϕκ bQ⋅=Λ

ii) River section width versus bankfull discharge:  1
1

α
bb Qaw ⋅=

iii) River section width versus discharge: 2αQw =  

iv) Sediment size (representative diameter) versus flow depth and slope:  θ)( od yscd ⋅=

v) Manning’s coefficient versus sediment size:  ξdcn n ⋅=
 
where was assumed σ1=0.0 , σ2=ξ θ , σ3=σ2  and (Vélez, 2001). Finally, the nine 
geomorphological parameters to be estimated are the coefficients κ, a1, cd, and cn and the 
exponents ϕ, α1, α2, θ and ξ . 

nd cc ⋅=Ω
ξ

 
For the propagation model, only one correction factor is considered affecting directly the 
velocity computed by the Manning’s equation. 
 
Estimation in the Tagus basin. The nine 
geomorphologic parameters described 
previously can be estimated using average 
values recommended in the literature or by a 
regional study. In the case of the Tagus basin 
their values were estimated adjusting the 
potential equations by regression analysis in 
four homogeneous regions plus the main river 
channel (Figure 5). Around 200 river cross 
sections were analyzed, and Figure 6 show 
one of the regressions in one region. 

Figure 5. Geomorphological homogenous zones 
considered at Tagus river basin 
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Figure 6. Geomorphological relationship between 
width versus bankfull discharge at Alagon basin. 

 

 8



 
MODEL PERFORMANCE IN THE TAGUS RIVER BASIN 

 
Fortunately, from the scientific point of 
view, just when the Warning System 
started operation two main events was 
recorded in some areas of the basin 
(Figure 7) in January and March of 2001. 
The split-sample method was selected to 
proceed with the calibration process, 
where the event of January was used for 
calibration and the event of March for 
validation. 

Figure 7. Highlighted areas show subbasins used 
during calibration and validation process. 

 
Calibration. The objective of the calibration process with TETIS is to obtain a set of good 
estimates of correction factors. According to information provided by the Operation Center, 
during the January event there were significant floods with a storm duration of 48 hours in three 
medium size subbasins, located mainly in the north bank of the Tagus basin. The stronger 
precipitations were observed at Alagón and Henares basins, with values of 509.7 and 485.4 mm, 
respectively. Alberche basin registered a total rain of 184.8 mm. The total runoff measured at 
Alagón gauge station was 131.3 Hm³. On the other hand, Alberche and Henares basins registered 
32.86 and 38.9 Hm³, respectively. Selected gauge stations at Alagón basin were AR_35, AR_40, 
AR_41 and E_36, at Henares were chosen AR_11 and E_10 stations, and AR_22 and AR_21 
where used at Alberche basin. 
 
Calibration was performed by trial and error, comparing visually the diferences between 
observed and simulated hydrographs, but using the hydrologist experience to orientate the 
correction factors estimation search based on: mass balance (adjusting observed and simulated 
volumes), peak time, peak flow and shape of recession curves. Figure 8 shows some of the 
calibrated events. The calibration is very good in all cases, and the small diferences can be 
explained always by precipitation overestimation or flowgauge errors. 
 
In Table 2 can be found the correction factors obtained at Tagus basin. In all the cases can be 
observed that the values oscillate inside a well defined rank, which indicates the spatial 
coherence in the behavior of the model. Also, the correction factors obtained for interflow and 
base flow reproduces correctly the reality. In the same Table are presented the proposed values to 
be used during validation. 
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Figure 8. Calibration results obtained at different gauge stations with to TETIS model (blue observed and 

red simulated). 
 

Table 2. Correction factors obtained during calibration process at different gauge stations. 
 

Correction Factor AR_11 AR_22 AR_35 AR_40 AR_41 E_10 E_13 Proposed 
R1 max. static capacity 1.00 1.00 1.00 0.90 1.00 1.00 1.00 1.00 
R2 evaporation  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
R3 infiltration capacity 0.20 0.18 0.12 0.20 0.26 0.22 0.35 0.20 
R4 direct runoff 0.11 0.10 0.38 0.10 0.05 0.06 0.03 0.15 
R5 percolation 0.90 0.80 0.90 0.90 0.90 0.90 0.90 0.90 
R6 interflow 400 550 450 200 200 400 400 200 
R7 underground losses 0 0 0 0 0 0 0 0 
R8 base flow 80 200 400 280 150 190.5 80 200 
R9 wave velocity 0.50 1.2 0.3 1.3 0.50 0.8 0.5 1.0 

 
 
Validation. During March event, with a duration of 72 hours, the Alagón basin registered a total 
precipitation of 1,579.4 mm, and in Alberche basin was observed a total rainfall of 690.6 mm. 
The values registered at gauge stations are 425.77 Hm³ at Alagón, while in Alberche basin was 
registered 214 Hm³. 
 
The validation process pretends to test the model robustness in different events and different 
places to the calibrated one. At Alagón basin, the validation process was done at AR_35 and 
E_36 stations, the first one correspond to a mountain basin, and the former corresponds to a 
reservoir situated in the middle of Alagón basin. In Alberche basin the validation is carried out at 
AR_21 station. Figure 10 shows the validation results, emphasizing that in all of them results 
have been satisfactory. The hydrographs started from zero because the initial condition for the 
channel network is zero. In few hours the simulated channel discharges reach the observed 
values. 

 10



AR_35: Alagón en Garcibuey
0

100

200

300

400

500

600

0 10 20 30 40 50 60 70 8
Time [m]

D
is

ch
ar

ge
 [m

³/s
]

0

E_36: Gabriel y Galán
381.5

382.0

382.5

383.0

383.5

384.0

R
es

er
vo

ir 
le

ve
l [

m
.a

.s.
l.]

AR_21: Alberche en Navaluenga
0

100

200

300

400

D
is

ch
ar

ge
 [m

³/s
]

100 20
Time [m]

4030 50 7060 80

500

Simulated
Observed

700

80100 20 40
Time [m]

30 50 60 70

 
Figure 9. Validation results with TETIS model (blue observed and red simulated). Left graph show water 

level at reservoir E_36 and right graphs show discharges at AR_21 and AR_35 gauge stations. 
 

 
CONCLUSIONS 

 
Probably there are hundreds of bucket type Land Surface Models in the literature, but TETIS it is 
not just one more. Basically, TETIS can be considered as a distributed simplification of the 
Sacramento Moisture Accounting model, but with its flows conceptualization oriented to its 
objective of a flood simulation model for flood prediction in a real time warning system for a 
large basin. The main characteristics of the TETIS model installed in the Tagus river Water 
Board are: 

i) Because it is distributed, it incorporates the natural spatial variability of the 
hydrological cycle. 

ii) It can reproduce properly the runoff production and propagation during a storm event. 
iii) All parameters are physically based, which facilitated their estimation in a distributed 

model. 
iv) From the soil water balance, a good evaluation of the present moisture condition 

(antecedent moisture condition for the prediction) can be achieved. 
v) The concept of maximum path length permits the horizontal interactions within the 

slopes, with the proper cell resolution. 
 
The model parameters structure allows the separation between the estimation of the physical 
characteristics and the calibration of the correction factors. The correction factors will include 
the errors in the first estimation process, but also will take into consideration the temporal and 
spatial scale used in the model. I.e., the estimation of the physical characteristics will be free of 
scale effects. 
 
The analysis of the modal values at cartographic units and the exploration of their relationships 
with environmental variables, allowed to obtain an excellent distribution at each cell of the soil 
parameters used in TETIS model. Posterior calibration and validation of the correction factors 
showed that the estimates are also hydrologically coherent and the robustness of the model. 
 
Finally, it must be stressed all advantages of the TETIS structure and general conceptualization 
can be exploited by any other type of distributed hydrological model.  
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     Muskingum-Cunge Flood Routing Procedure in NRCS Hydrologic Models 
 
          William H. Merkel, Hydraulic Engineer, USDA NRCS, National Water 
               and Climate Center, Beltsville, MD, Phone: 301-504-3956, e-mail:  
               William.Merkel@ea.nrcs.usda.gov 
 
ABSTRACT: The Muskingum-Cunge flood routing procedure has been incorporated into the 
Natural Resources Conservation Service (NRCS) Technical Release 20 (TR-20) hydrologic 
model.  The TR-20 model is an event watershed hydrologic model used to analyze impacts of 
watershed changes (land use, reservoir construction, channel modification, etc) on volume of 
runoff and peak discharge.  The model consists of various components such as runoff generation, 
channel and reservoir routing, and floodwater diversion.  The revised NRCS Win TR-55 (Urban 
Hydrology for Small Watersheds) computer program utilizes TR-20 to do its hydrologic 
computations and thus, routing results will be based on the Muskingum-Cunge procedure.  After 
much research, development, and testing, an original formulation has been adopted.  The 
uniqueness of this formulation lies in the way flood wave celerity is determined for the reach.  
The flood wave celerity is equal to a factor multiplied by the average velocity.  For natural 
channels it is typically estimated as the slope of a plot of discharge versus flow area relationship.  
When water exceeds the channel banks and enters the flood plain, the slope of the discharge – 
flow area curve multiplied by the average flow velocity is not representative of the actual flood 
wave celerity.  An algorithm to compute the factor (denoted m) for a rating curve developed 
from a steady flow water surface profile model is presented. 
 
A series of tests were conducted which compared the results of the Muskingum-Cunge 
formulation against a solution of the one-dimensional St. Venant equations.  The tests were 
designed to cover a range of non-dimensional and actual conditions to indicate limits of 
applicability.  The solution of the St. Venant equations was considered an accurate solution to 
the physical problem due to the number of validation studies conducted in both laboratory and 
natural settings.  Routing tests were completed for trapezoidal and natural cross sections.  
Accuracy of the peak discharge at the end of the reach, the time to peak discharge at the end of 
the reach, and the correlation of hydrograph shapes are presented. 
 
                                                         INTRODUCTION 
 
The Muskingum-Cunge flood routing procedure has been incorporated into the Natural 
Resources Conservation Service (NRCS) Technical Release 20 (TR-20) hydrologic model.  The 
Muskingum-Cunge method for channel flood routing has been documented in many textbooks, 
professional papers, and by Dr. Miguel Ponce in two reports delivered by contract to SCS in 
1981 and 1983.  The Corps of Engineers HEC added it as a flood routing option in the HEC-1 
program (1990).  Routing tests performed by Younkin and Merkel (1986, 1988) showed 
increased accuracy, consistency, and range of physical conditions when compared to both the 
Modified Att-Kin and Convex flood routing methods which had been used previously (NRCS, 
1965 and 1983).  The Muskingum-Cunge routing procedure was compared to the solution of the 
dynamic wave equations as formulated by St. Venant.  The one-dimensional dynamic wave 
model was used as a bench mark or “correct” solution to the routing problem.  The theoretical 
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development of the Muskingum-Cunge routing equation is based on the simplification of the 
convective diffusion equation and is documented in the two Ponce reports.  The routing equation 
is the same as the traditional Muskingum routing method (Linley, Kohler, Paulhus, 1982).  The 
coefficients of the Muskingum-Cunge method are based on data such as cross section and 
estimated Manning n.  The coefficients of the traditional Muskingum method can only be 
determined from stream gage data.  This makes the Muskingum-Cunge method more favorably 
applied to ungaged streams (which vastly outnumber gaged streams).  Since the TR-20 program 
is being re-written and modularized, it was decided to add a Muskingum-Cunge flood routing 
technique to replace the Modified Att-Kin method. 
 
The Muskingum-Cunge has two formulations which relate to estimation of routing coefficients 
and method of mathematical solution.  They include: 
1. Constant coefficient method.  This formulation is based on selection of a reference discharge 

for which the routing coefficients are computed.  The routing equation is then solved based 
on these coefficients. The reference discharge tested in TR-20 was the peak inflow and 
average of peak flow and base flow.  One of the characteristics of this formulation is that 
volume of inflow (upstream end of the reach) is always equal to the volume of outflow 
(downstream end of the reach).  This formulation also has an efficient direct solution 
technique. 

2. Variable coefficient method.  This formulation is based on the routing coefficients varying by 
time step to reflect flow characteristics (primarily wave celerity, friction slope, and top 
width) of the rising and receding flood wave.  In reality, flow in the channel travels at a 
different speed and naturally has different cross section top width than flow in the flood 
plain.  The variable coefficient method reflects these differences and matches the shape of 
the outflow hydrograph somewhat better than the constant coefficient formulation (when 
compared to the solution of the dynamic wave equations).  The two solution techniques 
proposed by Ponce (1983) are a three-point direct and four point iterative procedure.  The 
three point direct solution bases the routing coefficients on the three known discharges 
(inflow at first and second time steps and the outflow at the first time step).  The four point 
iterative procedure bases the routing coefficients on the three known discharges and the 
estimate of the outflow at the second time step.  Since the outflow at the second time step is 
not known, iterations are needed to converge on the final discharge based on some error 
tolerance.  The four-point variable coefficient solution technique was tested in TR-20.  The 
variable coefficient methods do not always conserve hydrograph volume (volume of inflow 
is not always equal to volume of outflow).  This is the primary disadvantage to variable 
coefficients. 

 
                                               MUSKINGUM METHOD 
 
The Muskingum channel routing method is based on two equations (Linsley, Kohler, Paulhus, 
1982).  The first is the continuity equation or conservation of mass.   
 
                       I1 + I2                   O1 + O2 
                      ----------  Δ t    -     -----------   Δ t       =         S2   -   S1            equation 1 
                           2                             2 
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where:      I1 and I2 are inflow discharges at time 1 and time 2, ft3/s 
                  O1 and O2 are outflow discharges at time 1 and time 2, ft3/s 
                Δ t  = time difference between time 1 and time 2, s 
                  S1 and S2 are values of reach storage at time 1 and time 2, ft3. 
 
The second equation is a relationship of storage, inflow, and outflow of the reach.  
 
                   S  =  K { X I  +  (1 – X) O }                                                      equation 2 
 
where :           S = reach storage, ft3 
                       I = inflow discharge, ft3 / s 
                       O = outflow discharge, ft3/s 
                       K = storage constant, s  
                       X = weighting factor, dimensionless. 
 
Combining equations 1 and 2 and simplifying results (Ponce, 1981): 
 
                   O2 =  C1  I1  +  C2  I2  + C3  O1                                              equation 3 
 
where:                C1 = (Δ t / K ) + 2 X) / C0 
                           C2 = (Δ t / K ) – 2 X) / C0 
                           C3 = (  2 ( 1 – X ) - Δ t / K ) / C0 
                           C0 =  Δ t / K + 2 ( 1 – X ). 
 
C0, C1, C2, and C3 are dimensionless parameters. 
 
An approximation for K is the travel time through the reach (length of reach divided by the 
average flow velocity).  The value of X is between 0.0 and 0.5.  A value of 0.0 gives maximum 
attenuation from the procedure and 0.5 provides the minimum attenuation.  Linsley, Kohler, and 
Paulhus (1982) describe a procedure to determine K and X from hydrographs. 
 
                                    MUSKINGUM-CUNGE METHOD 
 
Cunge (1969) developed equations to estimate K and X from hydraulic properties of the reach.   
The mathematical derivation is condensed and presented by Ponce (1981).  The equations for K 
and X are:   
 
                          1                     Q 
              X    =  ---    ( 1 -  ---------------)                                  equation 4 
                          2               B So c  Δ x  
 
where:             c = flood wave celerity, ft/s 
                    Δ x = distance increment, ft 
                      X = weighting factor, non-dimensional. 
                      B = bottom width or average width, ft. 
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    and    K   =   Δ x / c. 
 
    DEFINITION AND SIGNIFICANCE OF RATING CURVE EXPONENT 
 
The discharge versus area relationship for cross sections (rectangular, triangular, trapezoidal) 
may be fit by a power curve function of the form 
 
                   m 
      Q = x A                                                                                       equation 5 
 
where:      Q = Discharge in cfs, 
                 A = area in square feet, 
                 x = coefficient, 
         and  m = exponent. 
 
The exponent m has a physical meaning which can add to the understanding of the Muskingum-
Cunge routing method.  According to hydraulic theory, the speed at which a flood wave travels 
downstream is called the celerity and is equal to the slope of the discharge-area curve at a given 
discharge.  In equation form  
 
       c  =  dQ / dA                                                                               equation 6 
 
where:      c = celerity, ft/sec. 
 
Differentiating equation 5 with respect to area results in 
 
                                  m-1                    m  
 c = dQ / dA = x m A       =  m ( x A )  / A = m Q / A                        equation 7 
 
 c = m V 
 
where:        V = average velocity, ft/sec. 
 
The exponent m is therefore a factor relating average velocity and wave velocity (celerity).  The 
value of m used in the routing has a major effect on the calculation of travel time of the 
hydrograph through a reach, K.  The larger the value of m, the shorter the travel time.  Therefore 
the selection of m can affect the timing of peaks in any reach and can affect the way in which 
tributary hydrographs add to the peak of the hydrograph on the main stream. 
 
 
The value of m equal to 5/3 may be derived from the Manning equation.  For cross sections 
where the hydraulic radius can be approximated by the depth (wide channel with bottom width = 
B), the equation takes the form: 
                            m 
              Q = x A                                                                              equation 8 
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                                1/2            2/3 
where:    x = ( 1.49 s    ) / ( n  B     )   and  m = 5/3 
 
The discussion above concerning celerity and the Manning equation dealt with simple cross 
section shapes but is also applicable to most natural channel cross sections.  This concept does 
not apply directly to cross sections with channel and flood plain.  Discharge-area plots for these 
types of cross sections generally exhibit changes in slope and attempting to fit one power curve 
to the data can result in significant differences between the two curves. 
 
If the slope of the discharge-area curve (plotted on log-log paper) is greater than one then the 
average velocity at the cross section is increasing with increasing discharge.  If the slope should 
happen to be less than one, then average velocity is decreasing with increasing discharge.  The 
third possibility is that the slope equals one and the velocity is constant regardless of discharge.  
 
In a flood plain cross section Manning n is generally variable laterally (the Manning n in the 
channel is different from that in the flood plain).  The word “segment” in the following 
discussion refers to a portion of a cross section with one assigned value of Manning n.  For any 
single segment of a multi-segment cross section, the average velocity should increase with 
increasing discharge.  However, when adding the discharge and area for all segments to get the 
total discharge and total area at a cross section there can be elevations where the average velocity 
actually decreases as flow increases.  The most common occurrence of this is at discharges 
exceeding channel capacity with shallow depth in the flood plain for which the velocity in the 
channel is much larger than the velocity in the flood plain. 
 
The slope of the discharge-area curve where the average velocity decreases (which can lead to a 
celerity significantly less than one) does not represent the true celerity or wave propagation 
speed.  For this reason, a procedure to calculate m at a cross section was developed. 
 
                    CALCULATION OF M FROM RATING TABLE DATA 
 
The TR-20 program requires entry of a rating table to represent flow in a reach.  Data required 
include elevation, discharge, area, top width, and friction slope for a minimum of three 
discharges (two greater than zero).  When a rating is entered, m is computed at each discharge of 
the table.  This procedure will reflect changes in slope of the discharge versus area curve 
typically occurring above the bankfull discharge and at large flood plain discharges. 
 
The equations used to compute m are 
 
    m = S(2,3)       for  Q < Q(3) 
 
         Q(3) S(2,3) + ... (Q(I)-Q(I-1)) S(I-1,I) 
  m(I) = -----------------------------------------                                  equation 9 
                         Q(I) 
 
          for Q(3) <  Q  <  Q(I) 
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where:         m(I) = m at flow number I 
               Q = discharge, cfs 
               Q( ) = discharge at subscript point number, 
                  Q(1) = 0 
               S(2,3) = log-log slope of discharge-area curve between points 2 and 3 
               S(I-1, I) = log-log slope of discharge-area curve between points I-1 and I. 
 
m calculated this way can be considered a weighted slope.  When m is desired at a non-tabulated 
point, m is linearly interpolated on a log-log basis. 
 
If the log-log slope between each two consecutive points in a rating table is the same then m will 
be the same for all discharges, in other words, one power curve will fit the data accurately.  
When the log-log slope of the discharge-area curve changes then m will change.  An example of 
calculation of m for a rating curve follows. 
 
      Discharge, cfs       area   sq. ft. 
              0                             0 
            200                        110 
            500                        200 
            870                        800 
           1500                      1200 
 
Channel capacity is 500 cfs.  At discharges higher than 500 cfs, the average velocity reduces due 
to low flood plain velocity.  At discharges above 870 cfs, the average velocity increases again 
with deeper flow in the flood plain.  The slope (log-log) between each pair of consecutive points 
is calculated: 
 
      S(2,3) = log (500/200) / log (200/110) =  1.5  
 
      S(3,4) = log (870/500) / log (800/200) =  0.4 
 
      S(4,5) = log (1500/870) / log (1200/800) = 1.3 
 
For all discharges at or below 500 cfs, m = 1.5.  
 
At a discharge of 870 cfs,  
 
       ( 500 x 1.5 ) + ( ( 870 - 500 ) x 0.4) 
   m = --------------------------------------     = 1.03 
                      870 
 
At a discharge of 1500 cfs, 
 
        (500 x 1.5) + ((870 - 500) x 0.4) + ((1500-870) x 1.3) 
 m = ---------------------------------------------------------------  
                                            1500 
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 m = 1.15 
 
At a non-tabulated discharge such as 1000 cfs, the value of m is interpolated between values of 
m at the higher and lower tabulated discharges. 
 
                    SELECTION OF ROUTING TIME AND DISTANCE STEPS 
 
Time and distance steps (Δ t and Δ x) are of critical importance in channel routing procedures.  
They are related in the Muskingum-Cunge routing procedure (the selection of Δ t impacts the 
selection of Δ x and vice versa).  This is also true for the solution of the dynamic wave equations. 
 
Δ t.  The time step used in the routing needs to represent the inflow hydrograph shape.  In TR-20, 
the inflow hydrograph is determined from upstream land areas, reaches, reservoirs, etc.  These 
are at a Δ t which in most cases defines the hydrograph shape adequately.  TR-20 uses the time 
increment of the inflow hydrograph as the Δ t for the reach routing.  However, if there are less 
than ten time intervals to the peak of the inflow hydrograph, the hydrograph is interpolated to 
provide ten intervals.  The routing is completed at this shorter time increment.  After the routing 
is completed, the hydrograph is interpolated back to its original time increment. 
 
Δ x.  Selection of Δ x depends on several factors.  The reach length is determined by the user 
when the watershed is divided into subwatersheds.  Obviously, smaller subwatersheds lead to 
shorter reach lengths and larger subwatersheds lead to longer reach lengths.  This is not as 
critical a problem with the Muskingum-Cunge method as it was with the Modified Att-Kin 
(directly) or Convex methods (indirectly).  Studies by Ponce documented in the 1981 report 
showed consistency of the Muskingum-Cunge (constant coefficient) method to develop very 
similar (not exact) outflow hydrographs for various selections of Δ t and Δ x.  This characteristic 
of the Muskingum-Cunge is qualified in that the inflow hydrograph still needs to be defined 
consistently and that Δ x not be significantly smaller than the distance traveled by the flood wave 
during a single time step.  In other words, within a reasonable range of Δ t and Δ x, the 
Muskingum-Cunge produces consistent results.  This is because the Muskingum-Cunge method 
selects Δ x based on the desired Δ t.   
 
If reach lengths are rather short, in order for the routing to be reasonable, the time step should be 
short enough that the hydrograph peak is delayed at least one time step.  If not, then the 
hydrograph will not have changed and there will be no impact of the short reach in TR-20.  A 
number of such consecutive reaches may sum to a significant distance yet show no delay or 
attenuation of the hydrograph. 
 
The Δ x used in the Muskingum-Cunge method is based on Δ t, wave celerity, reference 
discharge, top width, and reference slope.  If the reach length is shorter than Δ x, the reach is 
treated as a single step.  If the Δ x is less than 2/3 of the reach length, the reach is divided into 
steps.  For example if there are two steps, the routing of the reach is treated as if it were two 
separate routing reaches.  The routing equations are solved for the upstream half of the reach and 
the resulting outflow hydrograph is routed through the downstream half of the reach.   
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                                           DESCRIPTION OF TESTS 
 
In preparing data for FLDWAV (Fread and Lewis, 1998) and TR-20, special care was taken to 
insure that geometric, hydrograph, and flow characteristics were consistently used. 
 
TR-20 Muskingum-Cunge (constant coefficient):  A total of 77 tests were completed using the 
National Weather Service FLDWAV model (dynamic wave equations) and TR-20 with 
Muskingum-Cunge routing.  An inflow hydrograph was routed through a prismatic reach (cross 
section constant through the reach).  In designing the tests, conditions were selected for which 
excellent comparisons were anticipated progressing to conditions which were expected to test the 
limits of the Muskingum procedure yet be in the realm of situations which could be encountered 
in NRCS hydrologic analysis.  A total of 77 tests were conducted on 12 cross sections.   At each 
cross section, one or more factors were varied.  These factors included depth of water in the 
cross section (peak discharge of inflow hydrograph), reach length, slope, and time to peak of the 
inflow hydrograph.  The HEC-RAS program was used to develop the steady flow rating table for 
use in TR-20.  Each cross section was analyzed with downstream boundary condition of normal 
flow at the desired slope.  The reference discharges tested in TR-20 were a) the average of peak 
inflow and base flow and b) peak inflow.  Specific cross sections tested are listed below. 
 
1. Rectangular channel with bottom width of 50 feet, slopes of 0.001 and 0.0005, length of 2 

and 3 miles, peak discharge of 2000 cfs, base flow of 50 cfs, time to peak of 0.5 and 1.0 hour, 
and Manning n of 0.04.   

2. Trapezoidal channel with bottom width of 30 feet, side slopes of 2:1, slopes of 0.001 and 
0.005, length of 3 miles, peak discharge of 2000 cfs, base flow of 50 cfs, time to peak of 0.5 
and 1.0 hour, and Manning n of 0.04. 

3. Hypothetical cross section with channel and wide flat flood plain.  The peak of the five 
different inflow hydrographs varied from 800 cfs (within the channel) to 10,000 cfs (deep 
flow in the flood plain).  Results at reach lengths of 2, 4, 6, and 8 miles were obtained.  Time 
to peak was 3.5 hours. 

4. Cross section defined in the HEC-1 User’s Manual figure 12.12, page 269.  This is a cross 
section defined by 8 points.  The peak discharges of the inflow hydrograph were 1600 cfs 
(within the channel), 4200 cfs (shallow flood plain flow), and 9000 cfs (deep flood plain 
flow).  A reach length of 6 miles was used.  The time to peak of the inflow hydrograph was 
3.5 hours. 

5. McPherson Creek, North Carolina, cross section 5.  Peak of the inflow hydrographs were 500 
and 4000 cfs.  Reach length was 1.0 mile.  Times to peak were 0.5, 1.0, and 1.5 hour. Slope 
was 0.0035. 

6. Bayou Bourbeux, Louisiana, seven different cross sections.  Four different peak inflows and 
two times to peak were tested.  Reach length was 8000 feet, slopes ranged from 0.0003 to 
0.001, and time to peak was 2 or 3.9 hours. 

 
The seven cross sections from Bayou Bourbeux were selected to represent the range of cross 
section shapes including relative size of channel with respect to the flood plain.  The relatively 
flat slopes in that watershed were considered a rigorous test of the Muskingum-Cunge routing 
method. 
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TR-20 Muskingum-Cunge (four-point variable coefficient):  The four-point variable 
coefficient solution technique was run for Test Groups 1, 2, 3, 4, and one cross section from 
Bayou Bourbeaux (35 test runs). 
 
                               SUMMARY OF FLOOD ROUTING TESTS 
 
1. For TR-20 with Muskingum-Cunge (constant coefficient), having the reference flow equal to 

the peak flow is far superior to having it equal to the average of peak flow and base flow.  
Both peak discharge and time to peak of the outflow hydrograph are closer to the dynamic 
routing solution.  This can be attributed to the weighted m routine which is used to estimate 
the flood wave celerity (used in estimation of Δ x and routing coefficients).  When the peak 
inflow is used as the reference discharge, the m is based on the rating curve from the channel 
bottom up to the peak flow.  When the average of peak and base flow is used as the reference 
discharge, only the rating table from channel bottom up to this average flow is used.  
Information about discharges between the average flow and peak flow is not used.  The 
constant coefficient routing always preserves the hydrograph volume. 

2. For TR-20 with variable coefficient solution technique the volume of inflow did not equal the 
volume of outflow.  These errors were generally less than 5 percent but 7 errors of more than 
10 percent occurred.  The peak discharge at the end of reach and its time of occurrence 
showed no improvement over the constant coefficient formulation. 

3.  The NWS FLDWAV model is one-dimensional with respect to flow direction (the water 
surface at a cross section is always horizontal).  Muskingum-Cunge models are also one-
dimensional and cannot be more accurate than the dynamic wave model because acceleration 
terms are ignored.  Improvements could be made in the way in which the accuracy of the 
Muskingum-Cunge model is assessed by obtaining laboratory flume routing records, detailed 
natural channel and flood plain topography, stage versus time readings, and velocity 
measurements or apply a two-dimensional dynamic wave model. 

4. A range of cross sections, reach lengths, slopes, and hydrograph rise times were tested.  Most 
of the tests were rather harsh because of the amounts of attenuation involved.  The tests need 
to be rigorous for several reasons.  All simplified routing models do well for attenuations up 
to about 5 percent.  Beyond that, there is increasing divergence between the dynamic wave 
routing and any simplified routing.  Testing these non-stringent conditions is unproductive.  
The reason for adopting the Muskingum-Cunge method is to extend the applicability to a 
wider range of conditions.  These application limits need to be determined. 

5. Several analyses of results were attempted.  The three most meaningful were A) separating 
the 77 tests into two groups representing channel flow (25 tests) and flood plain flow (52 
tests), B) comparison of attenuation for the TR-20 Muskingum-Cunge (constant coefficient) 
and the dynamic wave routing, and C) comparing the error in the peak outflow with a non-
dimensional factor representing the hydrograph rise time. 

 
A) Separating the tests into channel and flood plain flow groups provided some interesting 

results.  The group of channel tests included the rectangular and trapezoidal cross 
sections plus those flood plain cross sections where the flow was contained within the 
channel.  The plot of attenuation of the 25 channel flow tests versus the dynamic wave 
routing produced a relationship with correlation coefficient (r squared) of 0.96. The best 
fit line through the results had a slight negative bias meaning that the Muskingum-Cunge 
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(constant coefficient) peak discharges were slightly lower than the dynamic routing.  The 
plot of attenuation for the 52 flood plain flow tests versus the dynamic routing produced a 
correlation coefficient (r squared) of 0.70. The best-fit line through these results had a 
slight positive bias meaning that the Muskingum-Cunge (constant coefficient) peak 
discharges were on average slightly higher than the dynamic wave routing.  This result 
indicates a significant difference in accuracy between these two groups.  The Δ x and 
routing coefficients for the channel routings are evidently more accurate than those for 
the flood plain routings.  This also indicates that there is room for improvements in the 
way Δ x and routing coefficients are determined for flood plain cross sections.  More 
development is needed to determine what these improvements are.  Some key items to 
investigate are the wave celerity and top width.   

B) The attenuations for the Muskingum-Cunge (constant coefficient) and dynamic wave 
routings were plotted.  The value of Q* which represents attenuation in the following plot 
is defined as  

 
              Q* = ( Qo – Qb) /  ( Qp – Qb ) 
 
              Where Qo  =  peak of outflow hydrograph, cfs 
                          Qp  =  peak of inflow hydrograph, cfs 
                          Qb  =  base flow, cfs 
 
The entire group of tests had a correlation coefficient of 0.86 and a trend line which had a 
slope of 1:1.  In other words, the best-fit line through the results showed no high or low bias 
of the results.  For attenuations of 5 percent or less there was excellent agreement.  Beyond 5 
percent attenuation, results began to scatter some, however there were no tests with more 
than 20 percent error between the Muskingum-Cunge (constant coefficient) and dynamic 
routing peaks.  Three tests had errors of 15 to 19 percent and fourteen tests had errors of 10 
to 14 percent.  That left 60 of the 77 tests with less than 10 percent error in peak at the end of 
the reach. 
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C) With respect to limits on accuracy of the Muskingum-Cunge (constant coefficient) 
routing, promising results were obtained by displaying error in peak outflow versus a 
non-dimensional factor TQP*.  This is defined as: 

 
                             TQP* = Tp  Qo  So  /  Ao 3/2                              equation 10 
 
          where :  Tp = time to peak of the inflow hydrograph, seconds 
                        Qo = peak discharge of the inflow hydrograph, cfs 
                        So = bed slope or friction slope if different, ft/ft 
                        Ao = cross section area corresponding to the discharge Qo, square feet. 

 
The values of Qo, So, and Ao used in the equation for TQP* are based on the steady flow 
assumption, such as solving the Manning equation at a cross section.  Small values of TQP* 
correspond to short rise times, very mild slopes, and low velocities.  These are conditions 
where the disregard of the acceleration terms of the dynamic wave equations cause 
hydrologic routing methods to lose accuracy.  As TQP* was less than 1.0, and approached 
zero, the error in the peak outflow increased.  The value is easy to compute though some 
interpretations would have to be made.  The main item needing interpretation is the time to 
peak of the inflow hydrograph, Tp.  In the equation for TQP*, the value Tp is actually the 
rise time from base flow to peak flow.  In a program like TR-20, there may be significant 
time at the beginning of the hydrograph where there is no or very little flow (such as the time 
when runoff begins).  
 

6. The error in outflow peak time was computed based on the travel time of the peak discharge.  
The error is the time to peak outflow (Muskingum-Cunge) minus the time to the peak 
outflow (dynamic wave) divided by the time to peak outflow minus the time to the peak 
inflow of the dynamic wave routing.  For the 77 tests, the average error in this timing for the 
Muskingum-Cunge (constant coefficient) was 6.8 percent with most values (60) ranging from 
plus to minus 20 percent.  Errors in timing seemed to be random and not specifically related 
to any cross section or flow conditions.  The sometimes large percent error in timing is 
deceptive because of the impact of Δ t.  For example, if the dynamic wave routing showed a 
travel time of 2 time steps and the Muskingum-Cunge (constant coefficient) showed a travel 
time of 3 time steps, the error in timing would be 50 percent.  One could argue, in this case, 
that the time step should be reduced to get a better estimate of timing error.  In customary 
practice, the largest time interval possible is used (to meet certain requirements to define 
hydrographs and reach travel times).  To remain practical, in all of the tests, the Δ t selected 
was 0.05 to 0.1 of the time to inflow hydrograph peak.  Also, the criteria for time and 
distance step selection stated earlier was followed.  The minimum travel time in any routing 
step (and this included the solution of the dynamic wave equations) was one time step.  Of 
the 77 tests run, 48 had a timing error of one time step or less.  19 had a timing error of two 
time steps.  This left 10 tests with a timing error of more than two time steps.  The conclusion 
is that timing of routings is adequate. 
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Abstract:  For projects addressing large-scale problems, there is a need to characterize 
the flood hydrology throughout the basin to be able to evaluate a full range of 
alternatives.  Although there are established methods for determining flood frequency at 
individual locations, it can be difficult to determine how these locations combine to form 
hypothetical flood events downstream for large river systems.  Correlations can be made 
to the major point of interest downstream but can be complicated by differing backwater 
affects for larger events.  The ponding of water in the floodplain also alters the timing of 
lateral inflow into the channel.   Additionally, there are some locations in which gage 
information is spotty or does not exist and does not relate well to areas that have longer 
gage records.   The errors resulting from these impacts can be hard to filter out using 
straight hydrologic analysis.   
 
For the Centralia, Washington, General Reevaluation Report and Environmental Impact 
Statement Project, these difficulties are overcome by routing the hypothetical hydrology 
downstream using the unsteady flow program UNET.  High-water marks for five 
historical events representing a large range of flood frequencies are used to calibrate the 
model.  Once the hypothetical hydrology is developed, the hydrographs are routed 
through the model to yield hydrographs at the downstream point of interest (Grand 
Mound).  These hydrographs are compared to those developed using hydrologic analysis 
of the gage location to determine the accuracy of the upstream hydrographs.  These 
hydrographs are then altered to better represent the hypothetical event downstream. 

 
INTRODUCTION 

 
Evaluating a full range of alternatives for large basins poses some hydrologic analysis 
challenges.  Many smaller tributaries that can have unique hydrologic characteristics 
often feed into the larger river system.  To evaluate alternatives that address the 
downstream larger basin issues, a connection needs to be made between the hydrology of 
the smaller tributaries and the mainstem in the damage reach.   
 
The Centralia, WA Flood Damage Reduction General Reevaluation Study required this 
type of dual analysis.  It was determined that 31 different locations needed to be able to 
be evaluated for 7 flood recurrences (2-, 5-, 10-, 25-, 50-, 100-, 200-, and 500-year).  This 
required the development of 15-day hypothetical hydrographs for 33 different tributaries 
(see Plate 1). 
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HYPOTHETICAL HYDROGRAPH DEVELOPMENT METHODS 

 
To determine the hypothetical hydrographs for each of the locations, the locations were 
broken down into full gage record sites, partial gage record sites, minimal gage record 
sites and ungaged sites.  The fully gaged sites were defined as sites where there are 
lengthy (greater than 50 years) records and have fairly continuous records through the 
present.  Gaged sites that either lacked data for the recent past (1990’s) or that did not 
exist 40 years ago were considered partial gage records.  This distinction is made because 
there have been several large events in the Chehalis River basin in the last 10 years so 
gage records that did not include this data would underpredict the flow for the basin and 
gage records that did not contain a significant record preceding the last 10 years of record 
would over predict the flow for the basin.  Minimal gage record sites are sites with small 
records that could be used to provide rough flow comparisons between better gaged sites 
but are difficult to use for full frequency analysis.  Ungaged sites are areas where there 
are no gage records at all for the site.   

 
FLOOD FREQUENCY ANALYSIS 

 
For the fully gaged sites, the program HEC-FFA is used to perform the flood frequency 
analysis.  This program computes flood frequencies in accordance with the publication 
titled “Guidelines for Determining Flood Flow Frequencies, Bulletin 17B of the US 
Water Resources Council”.  The flood frequency is determined by fitting a Log-Pearson 
Type III distribution and then making an expected probability adjustment.  There are 4 
sites that are considered to be fully gaged sites for this Chehalis study (Chehalis River 
near Doty, Newaukum River near Chehalis, Chehalis River near Grand Mound, and 
Chehalis River at Porter). 
 
To perform a fully representative frequency analysis for the partially gaged sites, a two-
station comparison is made to a fully gaged site that has similar characteristics.  The two-
station comparison is performed using the methodology outlined in the US Army Corps 
of Engineers manual EM 1110-2-1415 (1993) titled ‘Hydrologic Frequency Analysis’.  
These characteristics include drainage basin area, basin aspect, and basin elevations.  
This analysis demonstrates that the Upper Chehalis River above Doty and the South Fork 
Chehalis River, and the Newaukum River and Skookumchuck River have similar 
characteristics.  The fully gaged site’s skew was used for the two-station comparison.   

 
Two-station comparisons were not made with the minimal gage record sites because the 
limited data either did not result in good correlations with the fully gaged sites and/or the 
record did not provide a good representation of both high and low flows.  
 

CORRELATION TO THE DOWNSTREAM GAGING STATION 
 
Because the main damage center is located just upstream of Grand Mound, it was decided 
that the model should contain flows that represent the appropriate recurrence period at 
Grand Mound.  This means that if a subbasin of the Upper Chehalis has a pattern of 
running at a different recurrence interval than the one that Grand Mound is at, that 
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recurrence flow is the one that is input into the model.  A correlation, therefore, is 
developed for each of the 8 recurrence intervals.  This is done by setting a recurrence 
interval for each year’s peak event at Grand Mound and setting a recurrence interval for 
the same event at each subbasin.  A best-fit line is then set to the data and the flows for 
the 8 recurrence intervals are extracted from that relationship.  These flows are the target 
volumes for the different duration events when developing the hypothetical hydrographs.  
The fully and partially gaged sites account for roughly 2/3 of the Grand Mound 1-day 
peak volume and over half of the longer duration peak volumes.   
 

SHAPING OF THE HYPOTHETICAL HYDROGRAPHS 
 
Once these target volumes are established, an hour-by-hour hypothetical hydrograph can 
be developed.  There are five fairly recent events (1/72, 1/90, 11/90, 12/94, 2/96) in 
which there is hourly data for the Chehalis River near Doty, Newaukum River near 
Chehalis, Skookumchuck River near Vail, Chehalis River near Grand Mound, and 
Chehalis River at Porter gage sites.  These five events represent a broad range of 
recurrence intervals at the Chehalis River near Grand Mound site.  Table 1 displays the 
recurrence intervals of the volumes witnessed at the Chehalis River near Grand Mound 
site for these five events.  

Table 1 – Recurrence Intervals in Years of Flow Volumes  
for Chehalis near Grand Mound Gage 
12/94 11/90 1/72 1/90 2/96 

 Peak 5.0  13.3 14.7  64.7 103.8 
 1-day 5.5  14.9 20.1 75.8 134.4 
 3-day  4.1  7.4  18.7 32.9 104.9 
 7-day  3.3  3.1  11.5  12.1 29.0 
 15-day  6.5  3.5  7.7  4.2 6.0 

   
The hypothetical hydrographs are shaped to match the shape of the observed event of the 
same recurrence at the gage site (i.e. 5-year hypothetical to 12/94 observed event).  For 
the recurrences that do not have a matching observed event, the next closest event is 
chosen to shape from (see Figure 1).  This shape is smoothed to represent a more typical 
average condition.  The flow volumes from early hydrograph humps due to an initial 
surge of runoff from impervious surfaces are accounted for in the smoother upward rising 
limb.  These hydrographs are then adjusted to ensure they match the needed volumes for 
all of the time intervals (peak, 1-day, 3-day, 7-day, 15-day).  Priorities are set to ensure 
that the peak and 1-day volumes are most accurate (+/- 1%) with the greater volume 
discrepancies being found in the longer durations (3-day is +/- 5%, and the 7- and 15-day 
are +/- 10%).     
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Figure 1 – Shaping the Hypothetical Hydrograph to the Observed Event 
 
Base flow for each of the gaged sites is determined by perusing the days surrounding the 
yearly peak in the gage records and selecting a base flow before the start of each of these 
events.  The average of each of these peak event base flows is the base flow that is used 
for all of the hypothetical hydrographs for that gage location. 
 

DEVELOPMENT OF HYDROGRAPHS FOR MINIMAL GAGED AND 
UNGAGED SITES 

 
The sites where the flow records are not substantial enough for frequency analysis are 
sorted into basins with similar characteristics.  The characteristics used are aspect of the 
basin, drainage area, stream discharge per square mile of drainage area, and proximity to 
the mainstem Chehalis River.  The knowledge that certain basins correlated well with 
others in the two-station analysis is used to further categorize the minimal gaged and 
ungaged sites.  Once the sites are categorized, the minimal gage records are used to see if 
the observed flows match the flows derived from the categorization.  

 
An analysis of discharge per square mile at each gage site is done to find relationships 
that can be used to scale the gaged hypothetical hydrographs to make ungaged 
hypothetical hydrographs.   
 

FLOOD TIMING 
 
There are hourly records for five large events (1/72, 1/90, 11/90, 12/94, 2/96) at the 
Chehalis River near Doty, Newaukum River near Chehalis, Skookumchuck River near 
Vail, and Chehalis River near Grand Mound gage sites.  As Table 1 shows, these events 
represent a good range of recurrence intervals.  To ensure that the flows matched up 
correctly downstream, the timing is calculated based on the time of the gage peak in 
relation to the peak at the Chehalis River at Grand Mound gage site.  A relation is made 
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between the recurrence interval and the time to Grand Mound peak for these gaged sites.  
Often the relationship broke down when evaluating the timing above a 100-year event, so 
a more reasonable timing is selected for those events.   
 
Pacific International Engineering set up HEC-1 models for each of these five events at all 
of the locations that are not represented by these gages.  The timing of the HEC-1 runs 
for each of the basins is broken down into the same groupings (Chehalis River near 
Doty/South Fork Chehalis River, Newaukum River, and Skookumchuck River) as was 
done for the flow.  An average of the timing for each of the subbasins is used to develop 
the recurrence versus time before Grand Mound peak relationship.   
 

USE OF HYDRAULIC MODEL TO VERIFY HYDROLOGY 
 
The development of the hydrology using the methods mentioned so far had the potential 
to be impacted by the hydraulic conditions of the Chehalis River.  In the damage reach, 
the Chehalis River has significant off-channel storage.  This storage can complicate the 
calculations of lateral inflow as well as the timing of how the flows are routed.  It is for 
this reason that the hydrology was input to the UNET unsteady flow hydraulic model to 
verify the hypothetical hydrographs. 
  
With the gage at Grand Mound being just downstream of the project reach, the expected 
hydrograph for a given recurrence interval was developed.  The hydrology that was 
developed for all of the sites upstream was then routed downstream using UNET to 
determine if the sum of these tributary flows match up with the expected hydrograph.   
 
If the flows did not match up with the expected hydrograph at Grand Mound, some of the 
upstream hydrology needed to be altered.  Because the gaged locations had a strong 
historical and statistical backing for their hydrographs, the alterations were focused on 
the minimal and ungaged basins.  For the Chehalis hydrology, most of the upstream 
hydrology verified well with Grand Mound when routed downstream with the main 
refinements being for the larger events (100-, 200-, and 500-year).  With only one event 
that could represent this type of extreme event (February 1996), the adjustments focused 
on tying these ungaged basins closer to the skew of flows observed for this event.  
 

CONCLUSIONS 
 
Defining the hydrology necessary to evaluate large river basins such as the Chehalis is 
often complicated by differing characteristics of the many tributaries that feed into the 
system.  These difficulties can be overcome by a variety of flood frequency analysis 
approaches that are verified by routing the hydrology through a hydraulic model and 
matching the hydrograph downstream. 
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Plate 1 – Map of Chehalis Basin with Gages and Hydrology Inputs 
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Abstract 
 
A two-dimensional, finite-element, surface-water model was used to simulate the effects of the 
proposed relocation of State Highways 15 and 67 on water-surface elevations and flow 
distributions for the 100-year flood on the Tchoutacabouffa River at D’Iberville, Mississippi. 
The Mississippi Department of Transportation plans to relocate State Highways 15 and 67 by 
removing a portion of the existing four-lane highway and constructing a four-lane facility 
upstream of the existing highway alignment. The proposed alignment is located on the northern 
floodplain and will tie into the existing highway about 1,000 feet north of the dual State 
Highways 15 and 67 bridges. The proposed highway embankment will intercept flows that cross 
the existing highway during large floods. Five scenarios were simulated for the 100-year flood, 
including existing and four proposed alternative configurations for drainage structures. 
 
The model grid was developed by using surveyed floodplain cross sections and channel 
bathymetry data obtained by using an Acoustic Doppler Current Profiler, in combination with a 
global positioning system. The model was calibrated and verified by using surveyed flood 
profiles through the study reach and flood-discharge measurements obtained at the State 
Highways 15 and 67 crossing. Model parameters were adjusted so that the computed water-
surface profiles agreed closely with the surveyed flood profiles. 
 
Computed water-surface differentials across the proposed alignment near the northern edge of 
the floodplain for the four alternatives proposed by the Mississippi Department of Transportation 
ranged from 1.4 to 2.6 feet. Much smaller differentials were computed in the vicinity of the 
main-channel bridge. Computed water-surface elevations at McCully Drive for the proposed 
alternatives A and B were 0.5 and 0.1 ft higher, respectively, than that computed for existing 
conditions. Computed water-surface elevations for the proposed alternatives C and D were the 
same as for existing conditions at McCully Drive. 
 

INTRODUCTION 

The Mississippi Department of Transportation (MDOT) proposes to relocate State Highways 15 
and 67 in the Tchoutacabouffa River floodplain near D’Iberville, Miss. During large floods, a 
substantial amount of flow crosses the existing roadway near the northern edge of the floodplain. 
The proposed relocation on the northern side of the floodplain upstream of the existing alignment 
would force flows on the northern floodplain through the existing main-channel bridge at the 
southern edge of the floodplain. The MDOT is concerned that the proposed alignment may cause 
excessive backwater upstream of the site during large floods. The MDOT has proposed four 
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alternative hydraulic arrangements for the proposed alignment. Computation of backwater for the 
existing conditions and the alternative proposed conditions is complicated by the State Highway 
15 and old State Highway 15 embankments located about one-half mile downstream of the State 
Highways 15 and 67 crossing. The U.S. Geological Survey (USGS), in cooperation with the 
MDOT, used a two-dimensional flow model to analyze the flood hydraulics in the 
Tchoutacabouffa River Basin. 
 
Purpose and Scope 
 
This report presents the results of a two-dimensional flow study of the Tchoutacabouffa River at 
State Highways 15 and 67 near D’Iberville, Miss. Water-surface elevations and horizontal 
velocities for the 100-year flood were simulated for existing and alternative proposed conditions 
by using a two-dimensional finite-element surface-water model. Computed water-surface 
elevations throughout the study reach are given for each simulation. Flow distributions are given 
for the existing and proposed alignments, and selected velocity data are presented. This report 
also discusses the collection of topographic and bathymetric data used in the study, development 
of the model grid, and calibration and verification of the model by using discharge measurements 
and flood-profile data. All elevations in this report are in feet above North American Vertical 
Datum of 1988 (NAVD of 1988). The effect of storm tides on headwater floods in the study area 
was not simulated. 
 

DESCRIPTION OF THE STUDY AREA 

The study area is located in southeastern Harrison County just north of D’Iberville, Miss. The 
drainage area of the Tchoutacabouffa River at the State Highways 15 and 67 bridge is 217 mi2. 
The study area is about 3 mi long and 1 mi wide and is located between Cedar Lake Road and 
Lamey Bridge Road (fig. 1). Interstate Highway 10 crosses the Tchoutacabouffa River about   
0.7 mi downstream of the study area. The average slope of the channel in the study reach is about 
1.8 ft/mi. The Tchoutacabouffa River flows into the Biloxi River about 8.3 mi downstream of the 
State Highways 15 and 67 bridge. The Biloxi River flows into the Back Bay of Biloxi about 1 mi 
downstream of the mouth of the Tchoutacabouffa River. The study site is significantly affected 
by tides during low or moderate headwater flow conditions. Tidal effects are diminished during 
extreme headwater flooding. 
 
Existing Conditions 

The existing State Highways 15 and 67 alignment consists of a four-lane divided highway that 
crosses the Tchoutacabouffa River nearly normal to the channel and the southern floodplain (fig. 
1). About halfway across the floodplain, the highway begins a broad curve to the west 
(downstream). About 1 mi northwest of the bridge, the two-lane State Highway 15 turns to the 
north. The four-lane State Highway 67 continues to the west from the State Highway 15 
intersection, becoming a two-lane highway within a few hundred feet of the intersection. Old 
State Highway 15 is a two-lane road that crosses the Tchoutacabouffa River about 0.6 mi 
downstream of the existing four-lane highway, and joins State Highways 15 and 67 about 
3,500 ft northwest of the State Highways 15 and 67 main-channel bridges. 
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The primary waterway opening along the State Highways 15 and 67 alignment consists of 872-
ft-long dual bridges. A 9-ft wide by 3-ft high box culvert is located on State Highways 15 and 67 
about 0.9 mi north of the bridges. Prior to 1998, a 393-ft-long bridge on old State Highway 15 
crossed the channel. The MDOT State Aid Division replaced that bridge with a 420-ft-long 
bridge in 1998. Low chords for the bridges on State Highways 15 and 67 and old State Highway 
15 are above the elevation of the 100-year flood. 
 
During large floods, State Highway 67 is overtopped for nearly a mile in the vicinity of Hickman 
Road. The differential between water surfaces upstream and downstream of the State Highways 
15 and 67 alignment, east of the State Highway 15 intersection, will likely approach 2 ft. The 
Lickskillet Road, McCully Drive, and Hickman Road grades are about equal to surrounding 
ground elevations and have no significant effect on floodflows. 
 
Proposed Conditions 

The MDOT plans to relocate State Highways 15 and 67 by removing a portion of the existing 
four-lane highway and constructing a four-lane facility upstream of the existing alignment (fig. 
1). The proposed alignment is located on the northern side of the floodplain and will tie into the 
existing highway about 1,000 ft north of the dual State Highways 15 and 67 bridges. The existing 
main-channel bridges are not scheduled to be replaced at this time. Center-line elevations for the 
proposed State Highways 15 and 67 alignment range from 19 to 23 ft, and floodflows likely will 
not overtop the proposed roadway. East of the proposed alignment, floodflows likely will top 
Lickskillet Road where grades are generally 15 to 17 ft. The MDOT has proposed four 
alternative hydraulic configurations along the proposed relocation. Existing waterway openings 
and those for the proposed alternatives are shown in table 1. 
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Hydrology 
 
The USGS has operated a crest-stage 
gage (station no. 02480599) on 
Tchoutacabouffa River at the State 
Highways 15 and 67 crossing since 
1997. The USGS operated a 
continuous-record gage on Tuxachanie 
Creek (station no. 02480500) from 
1952 to 1972 and a crest-stage gage 
since 1972. Tuxachanie Creek flows 
into the Tchoutacabouffa River about 
3.2 mi upstream of the State Highways 
15 and 67 crossing. The gage on 
Tuxachanie Creek is located about 
2.5 mi upstream of the mouth of 
Tuxachanie Creek. The drainage area 
upstream of station no. 02480500 is 
about 43 percent of the drainage area 
at the State Highways 15 and 67 
crossing. Both of these gages are 
operated and maintained by the USGS 
 in cooperation with the MDOT. 

Table 1.  Existing and proposed waterway openings 
  

Scenario Waterway Openings 
  

Existing Main-channel bridge 
Conditions 9x3 ft box culvert 

  
Proposed Main-channel bridge 

Alternative 2  53-inch pipes 
A  
  

Proposed Main-channel bridge 
Alternative 315 ft relief bridge 

B 2  53-inch pipes 
  

Proposed Main-channel bridge 
Alternative 315 ft relief bridge 

C Triple 10x8 ft box culvert 
  

Proposed Main-channel bridge 
Alternative 157 ft relief bridge 

D Triple 10x8 ft box culvert 
   

Extreme floods occurred in the Tchoutacabouffa River Basin in 1995 and 1998. Flood marks 
were recovered throughout the study reach after the floods of May 10, 1995, and September 29, 
1998. Flood marks were recovered just east of the State Highways 15 and 67 intersection after 
the September 29, 1998, flood. The average elevations of these flood marks were 16.5 ft and 
14.5 ft, upstream and downstream, respectively, of State Highways 15 and 67. Flood marks near 
the southern edge of the floodplain were at elevations of 16.6 ft upstream and downstream of the 
highway, indicating no significant difference in water-surface elevation through the main-
channel bridge. The peak discharges corresponding to the floods of May 1995 and September 
1998 were estimated to be 34,500 and 48,000 ft3/s, respectively. Two discharge measurements 
were obtained at the State Highways 15 and 67 crossing on September 29, 1998, when water 
flowed over the road in the vicinity of the State Highway 15 intersection. Selected data from 
these measurements are shown in table 2. 

    
Table 2.  Measured discharges for Tchoutacabouffa River at State Highways 15 and 67 

     
 Main-channel bridge Road overflow Total 

Date Elevation (ft) Discharge (ft3/s) discharge (ft3/s) discharge (ft3/s) 
     

9/29/98 16.16 38,100 5,300 43,400 
9/29/98 15.24 35,200 2,300 37,500 
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Flood frequencies for the Tchoutacabouffa River near D’Iberville, Miss. were estimated based on 
a comparison of observed discharges at the State Highways 15 and 67 crossing with those 
recorded at station no. 02480500 on Tuxachanie Creek. Station flood-frequency discharges for 
the 50- to 500-year floods at station no. 02480500 were 18 to 55 percent higher than regional 
estimates given by Landers and Wilson (1991). Therefore, flood-frequency discharges at the 
State Highways 15 and 67 crossing were assumed to similarly exceed the regional estimates. The 
100-year flood discharge is about 42,200 ft3/s. This value is about 28 percent higher than the 
regional 100-year flood estimate. If the regional estimate based on techniques presented by 
Landers and Wilson had been used, then the 100-year flood would have been exceeded in both 
1995 and 1998 at this site, which seems unreasonable based on gage data on Tuxachanie Creek. 
The flood of May 10, 1995, is estimated to have been about a 50-year flood at the site, and the 
flood of September 29, 1998, is estimated to have been about a 100- to 200-year flood at the site, 
by comparison to station flood-frequency discharges on Tuxachanie Creek. 
 

DESCRIPTION OF THE MODEL 
 
The two-dimensional Finite-Element Surface-Water Modeling System (FESWMS) (Froehlich, 
1989) was used to analyze flooding in the study area. A two-dimensional flow model was used 
because of the complex nature of flows in the vicinity of the State Highways 15 and 67 crossing. 
FESWMS routes flow through a model grid, which represents the topography of the study area, 
and uses the finite-element method to solve the system of equations that govern two-dimensional 
flow in a horizontal plane. Various hydraulic parameters are assigned to the model to reflect 
conditions in the study area.  
 
Three non-linear partial differential equations (Lee and Froehlich, 1989) are needed to define 
two-dimensional flow in a horizontal (X, Y) plane. Two equations represent motion in the X and 
Y directions. The third equation is the continuity equation, which ensures conservation of mass. 
The model grid is divided into a number of triangular and quadrilateral elements that are defined 
by node points at the corners and at the midpoints of the sides. The three differential equations 
are applied to each of the nodes. The Galerkin method (Lee and Froehlich, 1989) is used to solve 
these equations over the entire grid. An iterative solution procedure is then applied to minimize 
the residuals of the solved differential equations. FESWMS computes depth-averaged velocities 
in the X and Y directions by integrating the three differential equations though the vertical water 
column. 
 
Data Requirements 
 
An accurate description of the topography in the study area is required to effectively model 
floodflows. The MDOT provided data from 16 cross-sectional and longitudinal profiles through 
the study reach. Additional ground-elevation data were obtained from as-built plans furnished by 
the MDOT. Floodplain edges were determined from a 7.5-minute USGS topographic map. The 
channel banks were defined by using a geo-rectified aerial photograph of the study area. Channel 
bathymetry was determined by the USGS using an Acoustic Doppler Current Profiler, in 
combination with a global positioning system. Road grade and bridge data were provided by the 
MDOT. Whereas a two-dimensional flow study could be performed using surveyed topographic 
data alone, use of hydrologic data greatly increases the reliability of the model. The 
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aforementioned measured flows and flood profiles for the study reach were used to make the 
model more realistically reflect the actual flood hydraulics through the reach. 
 
Finite-Element Grid 
 
A finite-element grid was used to represent the topography of the study area. The finite-element 
grid was created by using the Surface-Water Modeling System (SMS) (Brigham Young 
University, 1999). Portions of the grid were refined with smaller elements to reduce mass 
conservation errors. The channel banks and roadways were incorporated into the grid by 
importing the geo-rectified aerial photograph into SMS. The grid used to model existing 
conditions (fig. 2) has 2,118 elements and 5,699 nodes. The grids for proposed conditions 
required more elements and nodes. 
 

 
 
Open- or closed-boundary conditions are applied to each node on the perimeter of the grid (fig. 
2). Open-boundary conditions include a specified water-surface elevation at the downstream end 
of the grid and specified discharges entering the grid at selected locations. Based on flood 
profiles, the water-surface elevation at the downstream end of the grid was estimated to be     
10.5 ft for the 100-year flood. The 100-year flood discharge (42,200 ft3/s) was assigned to the 
upstream boundary and distributed across the section based on conveyance. No elements were 
defined for the ponded area north of State Highway 67 and west of State Highway 15. The 
discharge crossing State Highway 15 north of the State Highways 15 and 67 intersection was 
computed by using weir-flow equations and assigned to re-enter the grid through an open 
boundary along State Highway 67 west of the intersection. The flow was distributed evenly 
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across the open boundary because State Highway 67 is fairly flat west of State Highway 15. Slip 
conditions (velocity greater than zero at and parallel to the boundary) were applied to closed 
boundaries such that momentum would be conserved in a direction tangent to the boundary and 
no flow crosses the boundary. Weir and culvert nodes permit flow across closed boundaries. 
 
Model Parameters 
 
FESWMS allows the user to assign various hydraulic parameters to the model. Parameters not 
assigned by the user are given default values. Roughness coefficients (Manning’s “n”) were 
assigned to elements based on aerial photography. Initial roughness coefficients were selected 
during a site visit (Arcement and Schneider, 1989). A kinematic eddy viscosity of 10 ft2/s was 
selected as a target value for each simulation; a value of about 100 ft2/s was used to ensure 
convergence during the first few runs of each simulation (Froehlich, 1989). A weir-flow 
coefficient of 0.53 was used for all road overflow segments. Entrance-loss coefficients for 
culverts were chosen based on the culvert type and flow control. The option to automatically turn 
off dry elements was used. Default values were used for other parameters in FESWMS. All 
simulations were run assuming steady-state flow conditions.  
 

MODEL CALIBRATION AND TESTING 
 
Calibration is the process of adjusting the model parameters until the model results adequately 
reflect observed conditions. Parameters obtained from the calibration simulation are valid only 
for the conditions (water-surface elevations and discharge) for which they were determined. 
Verification is made by simulating a separate set of measured boundary conditions with the 
model parameters obtained in the calibration process. If the model results agree closely with the 
independent set of measured conditions, the model is verified. Whereas the eddy viscosity was 
adjusted iteratively to aid in convergence of the model, the roughness coefficient was adjusted so 
that the computed water-surface profiles through the study reach closely agreed with the 
surveyed flood profiles. The model was calibrated to the flood of September 1998 and verified 
by simulating the flood of May 1995. Parameters governing road overflow were adjusted to 
accurately model measured road overflow for the discharge measurements made on September 
29, 1998. The 100-year flood discharge (42,200 ft3/s) is bounded by the floods of May 1995 and 
September 1998. 
 
The model was calibrated for existing conditions by simulating the flood of September 1998 
(48,000 ft3/s). Based on the surveyed flood profile, a water-surface elevation of 11.0 ft was 
assigned to the downstream end of the grid. Elements were classified as woods, clearing, or 
channel for assignment of roughness coefficients (fig. 2). By using roughness coefficients of 
0.15, 0.06, and 0.034 for woods, clearing, and channel elements, respectively, computed water-
surface elevations agreed closely with surveyed flood-mark elevations. The calibrated roughness 
coefficients are slightly lower than those that would be predicted by a one-dimensional flow 
model, largely because of the longer flow path of the two-dimensional model. Computed road 
overflow was 7,310 ft3/s for the flood of September 1998. 
 
The model was verified by simulating the flood of May 1995 (34,500 ft3/s). Based on the 
surveyed flood profile, a water-surface elevation of 9.8 ft was assigned to the downstream end of 
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the grid. Computed water-surface elevations agreed closely with surveyed flood-mark elevations. 
Computed road overflow was 1,020 ft3/s for the flood of May 1995. 
 

SIMULATIONS OF THE 100-YEAR FLOOD 
 
The model was calibrated for existing conditions, and the grids used for all other simulations are 
modified forms of the grid (fig. 2) used for existing conditions. Grid modifications and the 
results of each simulation of the 100-year flood are presented below. Flux lines were used to 
compute the total discharge passing various sections in the grid to verify mass conservation for 
each simulation.. The maximum computed discharge differed from the modeled inflow by only 
about 3 percent. The average difference was about 2 percent. Computed water-surface elevations 
and discharges for each scenario are shown in figures 3 through 7. Selected water-surface data 
are shown in table 3. 
 
Results of the 100-year flood simulation for existing conditions (fig. 3) indicate that about   
4,430 ft3/s flowed over the road north and east of the State Highways 15 and 67 intersection. The 
9 x 3 ft box culvert east of the intersection conveyed about 270 ft3/s. Water depths of 1 to 4 ft 
were computed along Lickskillet Road. Flows crossing Lickskillet Road were modeled by using 
two-dimensional elements (rather than weir segments) because much of the road elevation is 
about equal to surrounding ground elevations. 
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To model proposed alternative A, grid elements were removed along the proposed alignment and 
elements were inserted where portions of the existing embankment would be removed. The pair 
of 53-in pipes (fig. 4) on the new alignment and the pair of 6 x 4 ft pipe arches on the proposed 
relocation of Lickskillet Road were modeled in FESWMS by using type 4 (submerged outlet) 
flow conditions (Bodhaine, 1968). The mean velocity computed through the pair of 53-in pipes 
north of Lickskillet Road was 6.5 ft/s. The 2.4 x 1.5 ft pipe arch on the proposed relocation of 
Lickskillet Road was not modeled. Water flowed northward across Lickskillet Road at a depth of 
2 ft. 
 
In addition to grid modifications used in proposed alternative A, elements were added to model 
the 315-ft-long relief bridge for proposed alternative B (fig. 5). The mean velocity computed for 
flow through the relief bridge was 3.1 ft/s. The mean velocity for flow through the pair of 53-in 
pipes was 5.5 ft/s. The 2.4 x 1.5 ft pipe arch on the proposed relocation of Lickskillet Road was 
not modeled. Water flowed northward across Lickskillet Road at a depth of 1.5 ft. 
 
Alternative C (fig. 6) includes elements for the proposed relief bridge, but large box culverts are 
specified in place of the pipes and pipe arches used in alternatives A and B.  Type 3 (tranquil) 
flow occurred at the proposed triple 12 x 8 ft and triple 10 x 8 ft box culverts (Bodhaine, 1968). 
Therefore, these culverts were modeled by using two-dimensional elements, because culvert 
computations in FESWMS do not include type 3 flow. About 1,020 ft3/s crossed Lickskillet 
Road east of the proposed relocation with a 
depth of about 1 ft. The mean velocity for 
flow through the relief bridge was 2.9 ft/s. 
The mean velocity for flow through the 
triple 10 x 8 ft culvert was 6.5 ft/s.  
 
Alternative D includes a 157-ft-long relief 
bridge (fig. 7), half as long as the relief 
bridge specified for alternatives B and C; 
alternative D uses the same triple box 
culverts as those in alternative C. Results of 
the 100-year flood simulation for proposed 
alternative D (fig. 7) indicate that about 
1,140 ft3/s crossed Lickskillet Road east of 
the proposed relocation with a depth of 
about 1.2 ft. The mean velocity computed 
for flow through the relief bridge was 
4.1 ft/s. The mean velocity for flow through 
the triple 10 x 8 ft box culvert was 6.5 ft/s. 
 
Computed water-surface differentials 
across the proposed alignment near the 
northern edge of the floodplain and 
elevations at McCully Drive are shown for 
each scenario in table 3. Lateral water-
surface variations are evident upstream of 
the highway in figures 4 through 7. 

Table 3.  Selected model results 

Scenario 

 
Water-surface 
differential at 
northern edge 
of floodplain 

Computed  
water-surface 
elevations at 

McCully Drive
     

Existing 2.2 17.3 
Conditions   

   
Proposed   

Alternative 2.6 17.8 
A   
   

Proposed   
Alternative 2.1 17.4 

B   
   

Proposed   
Alternative 1.4 17.3 

C   
   

Proposed   
Alternative 1.5 17.3 

D   
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SUMMARY AND CONCLUSIONS 
 
A two-dimensional flow model, FESWMS, was used to study the effects of the proposed State 
Highway 67 relocation on water-surface elevations and flow distributions for the 100-year flood 
on the Tchoutacabouffa River near D’Iberville, Miss. Five scenarios were modeled for the 100-
year flood including: (1) existing conditions, (2) proposed alternative A (new alignment with no 
relief bridge), (3) proposed alternative B (new alignment with 315-ft-long relief bridge), (4) 
proposed alternative C (new alignment with 315-ft-long relief bridge and large box culverts), and 
(5) proposed alternative D (new alignment with 157-ft-long relief bridge and large box culverts). 
The model was calibrated and verified for existing conditions by using two discharge 
measurements obtained at the State Highways 15 and 67 crossing and two flood profiles through 
the study reach. Calibrated roughness coefficients corresponding to woods, clearing, and channel 
elements were 0.15, 0.06, and 0.034, respectively. Computed water-surface differentials across 
the proposed alignment near the northern edge of the floodplain for the proposed alternatives A, 
B, C, and D were 2.6, 2.1, 1.4, and 1.5 ft, respectively; the computed water-surface differential 
for existing conditions was 2.2 ft. Computed water-surface elevations at McCully Drive for the 
proposed alternatives A and B were 0.5 and 0.1 ft higher, respectively, than that computed for 
existing conditions. Computed water-surface elevations for the proposed alternatives C and D 
were the same as for existing conditions at McCully Drive. 
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Abstract:  USDA-NRCS Technical Release 55 (TR-55) – Urban Hydrology for Small 
Watersheds model is widely used for stormwater hydrology.  This software has been updated to 
Windows from DOS. Significant enhancements have been included such as: full hydrograph 
development using TR-20 computational engine, capability to change the rainfall distribution 
and the dimensionless unit hydrograph, Muskingum-Cunge channel routing, updated reservoir 
routing procedure, and graphical hydrograph output. 
 
This paper briefly describes these changes and provides an introduction to the WinTR-55 
software.  The model and documentation can be downloaded from the USDA-NRCS National 
Water and Climate Center web: http://www.wcc.nrcs.usda.gov/water/quality/hydro/ 
 

INTRODUCTION 
 
The Natural Resources Conservation Service (NRCS) has developed a new Windows version of 
their popular TR-55 computer program.  For the past three years, a team of NRCS engineers, 
working together with a computer programmer from the Agricultural Research Service (ARS), 
has been working to upgrade the TR-55 computer program.  The project is near completion, and 
a final version of WinTR-55 is to be released shortly.  The development team would like to take 
this opportunity to introduce WinTR-55. 
 

DEVELOPMENT OF TR-55 
 

Background: The Soil Conservation Service (SCS - which later became NRCS) originally 
issued Technical Release 55, titled “Urban Hydrology for Small Watersheds” in 1975. TR-55 
calculated storm runoff volume, peak rates of discharge, hydrographs, and storage volumes 
required for floodwater reservoirs on small, especially urbanizing, watersheds with simplified 
procedures. 
 
Originally developed as a manual procedure (for hand computations), TR-55 was developed for 
use within the Soil Conservation Service. However, TR-55 has gained widespread acceptance 
and use outside of the agency. 
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The model described by TR-55 begins with a rainfall amount applied uniformly over a watershed 
during a specified time.  This mass rainfall is converted to a mass runoff using the runoff curve 
number procedure.  Runoff volume is transformed into a hydrograph using unit hydrograph 
theory and routing procedures dependent upon runoff travel time through segments of the 
watershed. 
 
TR-55 approximates a peak rate of discharge for a watershed area, computes hydrographs and 
routes hydrographs using standard NRCS procedures.  The computations were done using the 
computerized NRCS hydrology model Technical Release 20, “Computer Program for Project 
Formulation – Hydrology”, commonly referred to as TR-20.  The resulting hydrographs were 
developed into the graphs and tables utilized in the TR-55 manual. 
 
SCS developed the original TR-20 computer program in the 1960’s to evaluate hydrology in 
analysis of water resource projects on large watersheds.  TR-20 originally ran on an IBM 360 
computer. Computers were not widely available and computer time was expensive.  Therefore, a 
simplified watershed hydrology method was needed, and TR-55 was developed. 
 
As computer technology advanced, the desktop computer was ultimately developed.  In 1986 
SCS released the first version of its TR-55 computer program.  The TR-55 computer program, 
developed for an MS-DOS operating system, was written in BASIC and required less than 256K 
memory to operate.  This computer program is identical to the manual.  It simply uses tabular 
versions of the tables and graphs from the manual, so it carries all the same limitations. 
 
Assumptions and Limitations: The TR-55 simplified method includes parameter assumptions 
in the model.  These simplifications limit the use of TR-55 and may provide results less accurate 
than detailed methods.  The current manual, dated June 1986, describes these limitations.  
Following is a discussion of the significant items that have changed with the development of the 
WinTR-55 computer program. 
 
Peak Discharge or Partial Hydrograph: The graphical method provides a peak discharge only.  
If a hydrograph is needed or the watershed needs to be subdivided, the Tabular Method or a more 
complex hydrology model is required.  The tabular method will provide only a partial 
hydrograph.  Because the tables developed for the manual TR-55 do not cover an entire 24-hour 
storm duration, it is not possible using the manual method to develop the entire runoff 
hydrograph. 
 
Built In Rainfall Distributions: 24-hour Synthetic Rainfall Distribution.  SCS utilized a 24-
hour synthetic rainfall distribution when making the TR-20 runs from which the TR-55 tables 
and graphs were developed.  Since the length of the most intense rainfall period contributing to 
the peak rate of runoff is related to the time of concentration for a watershed, by developing a set 
of synthetic rainfall distributions with “nested” rainfall intensities, the intensities are 
“maximized” by incorporating short duration intensities within longer durations for the same 
probability event storms.  The effect is the ability to utilize one storm duration (24-hours in this 
case) to determine peak discharges and runoff volumes for a range of drainage area sizes. 
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Built In Dimensionless Unit Hydrograph: The dimensionless unit hydrograph defines the 
runoff response of the watershed.  NRCS uses a standard dimensionless unit hydrograph with a 
peak rate factor of 484 which is derived from an assumption that 37.5% of the total runoff 
volume is in the rising side of the hydrograph and the remaining 62.5% of the runoff volume is 
in the receding side of the hydrograph.  Obviously, this assumption is not true for all watersheds. 
However, the standard peak rate factor of 484 is applicable in a very wide range of situations, 
and in order to simplify the model, it is the unit hydrograph that was utilized in the TR-20 runs. 
 
Channel Routing: Hydrograph routing through stream channels is very generalized in TR-55.  
Again, since the TR-55 tables were developed from multiple TR-20 runs, there is no means of 
developing a routing for a specific stream reach or specific stream geometry. 
 
Reservoir Routing: The TR-55 manual procedure for determining the effect of detention-type 
storage structures provides a shortcut method based on hydrologic data developed from the 
graphical peak discharge or tabular hydrograph methods.  This method can be quite inaccurate 
with errors in storage of up to 25%.  When storage volume required is large, the inflow 
hydrograph shape has little effect on the outflow hydrograph.  In these instances, the outflow 
hydrograph is controlled by the hydraulics of the outflow device and the procedure yields 
consistent results.  However, when storage volume required is small, the shape of the outflow 
hydrograph is sensitive to the rate of rise of the inflow hydrograph.  In other words, peak inflow 
discharge is approximately equal to peak outflow discharge.  In that situation, parameters such as 
rainfall volume, curve number and time of concentration become more significant, and the 
procedure yields inconsistent results. 
 

DEVELOPMENT OF WinTR-55 
 
Background:  As computer technology has continued to advance, the stage was set for 
development of a Windows version of TR-20, and ultimately, WinTR-55.  Rather than following 
the example of the old TR-55 and using generalized tables, WinTR-55 exists as a graphical user 
interface for TR-20.  This interface actually creates a data file for the TR-20 computational 
engine.  This change was intended so WinTR-55 models and the Windows version of TR-20 
models with identical inputs provide the same results.  In essence, the Windows version of TR-
20 and WinTR-55 are the same computer program with different interfaces. 
 
Significant Changes:  Because the manual TR-55 was originally intended for evaluating the 
hydrology on small watersheds, many of the same limitations still apply with the new version.  
However, users should find the new version more flexible.  The following items represent the 
most significant changes the user will notice with WinTR-55. 
 
Complete Hydrograph: The Windows version of TR-20 computes a full hydrograph, which is 
then available for the WinTR-55 user. Hydrographs are available at each node in the WinTR-55 
watershed, such as: outlet of each sub-area, upstream end of a stream reach, downstream end of a 
stream reach, and outflow from a structure reach.  In addition to multiple locations, hydrographs 
are computed for various storm events, e.g. 2-year and 100-year.   The tabular hydrograph is 
available as a text report in the File Display Window -TR-20 Printed Page File. The user can cut 
and paste this report into other software such as a word-processor or other hydrology software. 
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User-Supplied Rainfall Distribution: The four standard NRCS rainfall distributions, Type I, 
Type IA, Type II, and Type III, are embedded into the TR-20 computational engine, and easily 
specified through the WinTR-55 interface. These standard NRCS rainfall distributions cannot be 
edited. However, any other user-supplied 24-hour duration rainfall distribution can be input and 
used.  WinTR-55 saves the distribution as a file (filename.tbl).  For example, Illinois State Water 
Survey Bulletin 70 contains a third-quartile rainfall distribution commonly used in Illinois.  
However, it should be noted that a critical duration analysis is required for proper application of 
the Bulletin 70 distributions.  Since WinTR-55 is a single-duration model, it is not an appropriate 
model for a critical duration analysis such as the Bulletin 70 distributions. 
 
Any 24-hour distribution can input once is then available in the drop-down selection list of 
rainfall distributions in the Storm Data Window. 
 
User-Supplied Dimensionless Unit Hydrograph: The standard NRCS dimensionless unit 
hydrograph with a peak rate factor of 484 is the default in WinTR-55.  Like the rainfall 
distributions, the standard dimensionless unit hydrograph is actually embedded into the Windows 
TR-20 computational engine.  However, the user may enter any other dimensionless unit 
hydrograph in the Dimensionless Unit Hydrograph Window.  WinTR-55 saves this custom 
dimensionless unit hydrograph as a file (filename.duh).  For example, a common variant 
dimensionless unit hydrograph in the coastal areas of Delaware, Maryland and Virginia is the 
Delmarva dimensionless unit hydrograph.  Once the Delmarva dimensionless unit hydrograph is 
entered, it can be easily selected from a drop-down list of available dimensionless unit 
hydrographs on the Storm Data Window. 
 
Muskingum-Cunge Channel Routing: Bill Merkel, NRCS Hydraulic Engineer, describes the 
channel routing procedure in the WinTR-55 User Manual: 
 

“The program uses a Muskingum-Cunge method of channel routing.  The rating table 
generated by WinTR-55 for each reach is used to represent flow in that reach.  The 
unique feature of the Muskingum-Cunge routing is the calculation of the length of a 
routing reach step based on inflow peak discharge and cross section information. If the 
routing reach step length is shorter than the reach length, the reach is sub-stepped.  For 
example, if there are two steps, the routing is accomplished by solving the routing 
equation twice: the outflow hydrograph for the upper half of the reach becomes the 
inflow hydrograph for the lower half of the reach. If there are less than ten points from 
the beginning of the hydrograph to the peak of the inflow hydrograph, the inflow 
hydrograph is interpolated at a time interval to allow ten points, the routing computed, 
and the outflow hydrograph interpolated to return it to the original time increment.” 

 
Reservoir Routing: Bill Merkel continues with a description of the reservoir routing procedure 
in the WinTR-55 User Manual: 
 

“The storage-indication method (NRCS NEH Part 630, Chapter 17) is used to route 
structure hydrographs.  While the routed hydrograph time increment (downstream end 
of reach) is the same as the increment at the upstream end, the actual routing may sub-
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step the increment during the routing.  The routing time step is based on the smallest 
time to empty the reservoir at each of the structure rating points.  (The time to empty the 
reservoir is computed as the structure rating storage volume divided by the average 
outflow (rating outflow/2)). The hydrograph time increment is compared to a 
percentage (currently 50%) of the smallest emptying time to determine the number of 
time steps to use between hydrograph points.” 

 
Both the channel routing and reservoir routing are computed by Windows TR-20, just like the 
hydrograph generation. 
 
The new software also allows the user to describe a structure outlet with a weir or pipe outlet. At 
any given stage, WinTR-55 assumes full-pipe flow for the computed pipe head.  This is a 
reasonable assumption for the riser and pipe configuration. However, this full pipe flow 
assumption may be unreasonable for large, straight pipes.  For example, if the structure outlet is 
a 36-inch (1-m) diameter pipe culvert and the maximum computed stage is 1.5 feet (0.5 m), then 
the pipe has never been more than half-full.  In this case, the full-pipe flow assumption has not 
been satisfied.  Other routing software is necessary to analyze these cases. 
 
Graphical Output Tools: WinTR-55’s various hydrographs can be plotted.  The on-screen, 
plotted hydrograph can be saved as a bitmap image (filename.bmp) or printed on the printer.  In 
addition, the user-supplied rainfall distributions and dimensionless unit hydrographs can also be 
displayed on-screen, saved as a bitmap image, and printed to a printer. 
 
Default Rainfall Data: NRCS hydraulic engineers across the United States have supplied 
default 24-hour duration rainfall depths and recommended distributions for all counties in 24 
states that are presently included in the NRCS storm database.  County names for the remaining 
states have been added to the database, but no rainfall values are included.  These default rainfall 
values can be accessed from the Storm Data Window, once the State and County have been 
entered on the WinTR-55 Main Window.  Modelers that cover more than one state have ready 
access to some default 24-hour duration rainfall depths and recommended distributions.  The 
supplied values for rainfall depth are for the 2-, 5-, 10-, 25-, 50-, and 100-year recurrence 
interval 24-hour duration storm events.  The user may add one additional value such as the 1- or 
500-year event.  This rainfall data is supplied solely for the convenience of the user and is not 
intended for regulatory purposes. Users should check appropriateness of the default values for 
counties that cover a large geographic area or any county with coastal or mountainous areas.  
Any state- or locally mandated rainfall data supercedes the NRCS-supplied default values. 
 
Additional Changes/Limitations: In the course of developing WinTR-55, a number of 
“executive decisions” were made by members of the development team.  The primary purposes 
of these decisions were to keep the limitations of this model somewhat in line with the original 
purpose of the manual TR-55, that is, a tool that is useful for modeling the hydrology of small 
watersheds.  A second purpose of these limitations was to more strictly define the reasonableness 
of some of the variables used in the program.  The following items were limited for either or 
both of the above stated reasons. 
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Drainage Area: The old version of TR-55 actually had no limitation on drainage area size.  
However, time of concentration for the graphical method was limited to a range of 0.1 to 10 
hours, while time of concentration and travel time were limited to ranges of 0.1 to 2 hours and 0 
to 3 hours, respectively, for the tabular method.  The net result is that drainage areas of 
individual subareas were then limited to the scope of the curves or tables as they were developed 
for the manual TR-55.  This time of concentration limitation of 0.1 to10 hours for an individual 
subareas is carried over into WinTR-55 and a total maximum drainage area of 25 square miles 
for all subareas combined was also added. 
 
Number of Subareas: In the manual TR-55, there is no real limit to the number of subareas that 
a user could define for a watershed area, provided the computations are done manually (by 
hand).  It does become impractical to divide a watershed area into very small subareas as the 
number of computations that must be done increases to the point of impracticality.  The 
limitation of 10 subareas in the computer program was really an arbitrary limitation.  However, 
for the types of watersheds which NRCS models using manual TR-55, ten subareas is a sufficient 
number to justify carrying this limitation into the Windows version as well. 
 
Sheet Flow Length: The manual TR-55 utilizes a limitation of 300 feet of sheet flow for the 
sheet flow portion of runoff in the time of concentration calculation.  It is commonly felt within 
the agency that 300 feet is an exceptionally long distance for water to retain the characteristics of 
sheet flow.  SCS had provided guidance to internal user’s (1986, Hydrology Note N4) to limit 
sheet flow to no more than 100 feet (30 m).  This limitation was based on work done by David 
Kibler at Penn State University (Woodward, 1980).  The technical note also provided guidance 
on the proper reach length to use.  Richard McCuen did a quick study for the Highway 
Commission in Maryland which also indicated 100 feet was a good length to use for limiting 
sheet flow (Woodward, 1980).  In later research, McCuen (1993) provides compelling arguments 
that limiting sheet flow length alone is not justified.  According to McCuen, the limitation should 
take into account the combination of rainfall intensity and sheet flow length; or Manning’s “n”, 
flow path slope and flow length.  After considering these issues, and understanding that many 
users maximize this value simply because the model allows it, the development team decided to 
limit sheet flow length to 100 feet in WinTR-55. 
 

CONCLUSION 
 
In developing WinTR-55, NRCS made the computer program available for download as a BETA 
test version to any and all user’s who were willing to provide feedback on the program and 
report any bugs found in the program.  A large number of government and private sector users 
volunteered their services as testers and provided invaluable feedback.  Although this computer 
program is still primarily intended for use within the agency, the response from private 
engineering firms indicates that the computer program is in extremely broad use outside the 
agency.  NRCS fully expects that WinTR-55 will continue to be upgraded and improved in the 
future. 
 
Through this paper users can trace the development of TR-55 from inception as a manual method 
to WinTR-55; and to understand the most significant changes they will see in order that they may 
properly apply the model to the hydrology work they are undertaking. 
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Abstract.  A GIS based flood inundation map has been developed to show the areal 
extent of the October, 1998 flood on the Lower Guadalupe River.  In October, 1998, 
extreme rainfall occurred over this drainage basin causing catastrophic flooding.  The 
resulting flood is considered to be one of the most recent hydrologically significant 
events to have occurred within the State of Texas. 
 
Following the flood, the National Weather Service dynamic wave model (FLDWAV) 
was utilized to reconstruct the event.  The maximum water surface elevations computed 
by FLDWAV were input into GIS to map the areal extent of this flood.  These computed 
elevations were a very close approximation to the actual high water elevations which 
occurred during the flood at locations where river gauge information was available.   

 
Knowledge gained from this study is being incorporated into the flood forecasting 
mission of the National Weather Service, West Gulf River Forecast Center, located in 
Fort Worth, Texas.  This investigation demonstrates the potential in displaying the results 
of FLDWAV in a GIS environment to depict the approximate areal extent of major 
floods.  Emergency management officials will have the opportunity to use this 
information as a planning tool in projecting potential flood impacts on their communities.  
Results demonstrate how river forecast centers might also develop first hand knowledge 
on what impacts their flood forecasts will have on various communities.  Currently, 
National Weather Service river forecasts only provide stage projections at selected river 
points.  Flood inundation mapping allows the extent of a flood to be depicted over an 
entire river drainage.      
 

INTRODUCTION 
 
The October, 1998 flood devastated parts of southeast Texas.  Tragically, 31 people died.  
More than 10,000 homes and businesses were either destroyed or heavily damaged by 

 1



flood water.  Over 10,000 people were displaced, and thousands of animals drowned.  
Approximately 1 billion dollars in flood-related damages occurred from this flood event 
with an estimate of 116 million dollars attributed to the Guadalupe River Basin (AAS, 
1998), (GBRA, 1999), (TWR, 2000).   
 
From the morning of October 17 and continuing well into October 18, torrential rainfall 
occurred over a large area of south central and southeast Texas.  During this storm, 
substantial areas received widespread rainfall amounts of 20 inches, increasing to 30 
inches in localized areas (fig 1).  Major river floods resulted impacting seven Texas river 
basins with a total drainage area of approximately 10,000 square miles (NWS, 1998).  
The Guadalupe River was one of these basins and is the subject of this study. 

 
The intense rainfall from this event produced record flows at various points along the 
Guadalupe River, shattering flows from previously known events.  These locations, 
shown in Fig. 2, include the river gauges at Gonzales, Cuero and Victoria, which had 
peak flows of 340,000, 473,000, and 466,000 cubic feet per second (cfs), respectively.  
The river flow at the Gonzales gauge was much greater than the 100-year peak discharge.  
The river flow at both the Cuero and Victoria gauges was 3-4 times greater than the 100-
year peak discharge.  On Sandies Creek near Westhoff, the peak flow was 36,200 cfs, the 
15-year peak discharge (Slade and Persky, 1999), (USGS, 1998).  Unfortunately, no river 
gauge was available for the Peach Creek near Dilworth river site.  Therefore, a peak flow 
of 200,000 cfs was estimated using hydrologic and hydraulic techniques (Morris and 
Shultz, 1999, 2000). 
 

STUDY AREA 
 
This study encompasses the Lower Guadalupe River drainage which is located in 
southeast Texas (Fig. 2).  The upstream locations of the study area are the Guadalupe 
River at Gonzales and two tributaries, Peach Creek near Dilworth, and Sandies Creek 
near Westhoff.  The downstream location is the Guadalupe River at Victoria.  The 
intermediate location is the Guadalupe River at Cuero.  

 
PROJECT SCOPE 

 
The scope of this project consisted of two components:  (1) development of a hydraulic 
simulation using FLDWAV on the Lower Guadalupe River for the October, 1998 flood, 
and (2) integration of the maximum water surface elevations computed by FLDWAV into 
a GIS environment to develop the flood inundation maps. 
 
Dynamic Wave (FLDWAV) Simulations 
 
FLDWAV is a one-dimensional physically based unsteady hydraulic flow model which 
was developed at the Hydrologic Research Laboratory of the National Weather Service, 
located in Silver Spring, Maryland.  FLDWAV solves a set of unsteady flow equations 
simultaneously to obtain the discharge and water surface elevations at each previously 
defined cross-section location along a river reach (Fread and Lewis, 1998). 
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FLDWAV requires the use of both upstream and downstream boundary conditions.  The 
upstream boundary condition consisted of flow hydrographs, measured in cubic feet per 
second, for the river gauges located at the Guadalupe River at Gonzales; and two 
tributaries, Peach Creek near Dilworth, and Sandies Creek near Westhoff.  The 
downstream boundary condition was the stage hydrograph, measured in feet, for the river 
gauge located at the Guadalupe River at Victoria.   

 
FLDWAV also requires the use of cross-section data at numerous locations along both 
the main river channel and tributaries, located within the study area.  Cross-section data 
was derived using USGS 7.5 minute (1:24000 scale) quadrangles.   
  
Using stage and flow hydrographs along with cross-section data, FLDWAV was 
executed.  Flow hydrographs at the upstream locations (i.e. Gonzales, Dilworth, and 
Westhoff) were hydraulically routed through each river reach downstream to Cuero and 
Victoria.  The FLDWAV model was then calibrated so the simulated elevation 
hydrographs made a favorable comparison to the observed elevation hydrographs at 
locations where stream gauge data and high water mark information was available. 
 
Incorporation of FLDWAV Into GIS 
 
Maximum water surface elevations computed by FLDWAV were incorporated into a GIS 
environment to develop the flood inundation maps.  Two U.S. Army Corps of Engineers 
software packages, HEC-RAS and HEC-GeoRAS,  were utilized as a framework for this 
project in order to incorporate the results computed by FLDWAV into GIS.  Also, 30 
meter digital elevation model (DEM) data was used to develop the flood inundation maps 
for the Lower Guadalupe River. 
 

RESULTS 
 
The final results for both the dynamic wave (FLDWAV) and GIS flood inundation map 
components of this investigation are discussed below.  Because of space limitations, only 
the Cuero and Victoria locations are presented in this document.  The reader is referred to 
NOAA Technical Memorandum SR-218 for more detailed information concerning other 
locations on the Lower Guadalupe River (Shultz, 2002). 
 
Dynamic Wave (FLDWAV) 
 
Hydraulic simulations computed by using FLDWAV were calibrated so simulated 
elevation hydrographs compared quite favorably with observed elevation hydrographs.  
The elevation hydrographs for both Cuero and Victoria are discussed below.   
 
Cuero.  At Cuero, the observed elevation hydrograph compared quite well with the 
simulated hydrograph (see Fig 3).  The root mean square error (RMSE) was 1.17 feet 
with an average arithmetic error (BIAS) of 0.00 feet.  The difference between the 
observed peak elevation and computed peak was 0.45 feet.  This difference is 1% of the 
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45.19 foot observed rise from baseflow to crest elevation.  These results are excellent 
considering the extreme nature of this flood event. 
 
Victoria.  At Victoria, only the observed stage hydrograph is shown in Figure 4.  
FLDWAV uses this hydrograph as the downstream boundary condition for the entire 
river reach for the computational procedures within the dynamic wave model.    
 
GIS Flood Inundation Maps 
 
Flood inundation maps were developed for the October, 1998 flood for the towns of 
Cuero and Victoria, Texas.  Descriptions for each location are described below.   
 
Cuero.  The flood inundation map for Cuero (Fig. 5) shows the approximate areas of the 
western and southern parts of Cuero which were inundated with flood water.  This map 
also shows the approximate sections of the main highway (US 77A, US 183, US 87) 
which were impacted.  Figure 6 shows the dynamic wave model (FLDWAV) simulation 
in conjunction with the estimated flood extent for the Cuero area, reconstructed by the 
Guadalupe-Blanco River Authority (GBRA) based on observed reports and high water 
marks.  Overall, the simulated results compare very well with what was estimated to have 
occurred during the flood.  However, within the city limits of Cuero, there was some 
discrepancy.  Also, two islands were reported to have occurred near Cuero during the 
flood.  The first island is located south of town and has a simulated shape quite different 
from the shape estimated by the GBRA.  The second island, however, was never 
simulated even though it was reported to have occurred during the flood.  The most likely 
reason for these discrepancies is that 30 m DEM data is unable to accurately resolve (1) 
the spatial detail of the islands, and (2) the extent of the flood over flat terrain such as that 
found around Cuero.  Therefore, this study indicates that higher resolution DEM data 
would be needed to provide a more comprehensive flood inundation map.    

 
Victoria.  The flood inundation map for Victoria (Fig. 7) shows the approximate areas of 
Victoria which were inundated with flood water.  Because the stream gauge located in 
Victoria is the downstream boundary condition of the model, FLDWAV can only 
estimate areas of inundation upstream of the gauge.  Areas inundated with flood water 
downstream of the gauge were estimated based on peak stage data at the gauge and from 
USGS 7.5 minute (1:24000 scale) quadrangles showing areas of inundation as estimated 
by the USGS.  Figure 8 shows the dynamic wave model (FLDWAV) simulation in 
conjunction with the estimated flood extent for the Victoria area, reconstructed based on 
observed reports and high water marks by the Guadalupe-Blanco River Authority.  
Overall, the simulated results compare very well with what was estimated to have 
occurred during the flood.     
 

CONCLUSION 
 
The October, 1998 flood is considered to be one of the more recent significant hydrologic 
events to impact the State of Texas.  Maximum water surface elevations computed by a 
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dynamic wave model (FLDWAV) were used to develop a GIS based flood inundation 
map for the Lower Guadalupe River Basin showing the areal extent of this flood. 
 
Results from this investigation are being incorporated into the flood forecasting activities 
of the National Weather Service - West Gulf River Forecast Center.  GIS based flood 
simulations using FLDWAV show great potential as a planning tool for emergency 
officials in projecting potential flood impacts on their communities.  River forecast 
centers will also have guidance as to the impact their flood forecasts will have on various 
communities.  Currently, National Weather Service river forecasts only provide stage 
projections at selected river points.  Flood inundation mapping demonstrates that the 
extent of a flood can be depicted over an entire river drainage.  
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Figure 1.  Rainfall Distribution Map 

 6



 

Figure 2.  Location Map 
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Guadalupe River at Cuero
October, 1998 Flood
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Figure 3.  Elevation Hydrograph - Guadalupe River at Cuero 

 
 
 
 
 

Guadalupe River at Victoria
October, 1998 Flood
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Figure 4.  Elevation Hydrograph - Guadalupe River at Victoria 
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Figure 5.  Flood Inundation Map - Cuero, Texas 
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Figure 6.  Flood Inundation Map - Cuero, Texas
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Figure 7.  Flood Inundation Map - Victoria, Texas 
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Figure 8.  Flood Inundation Map - Victoria, Texas 
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DETERMINATION OF FLOOD FREQUENCY OF THE MISSOURI RIVER BELOW 
GAVINS POINT DAM 

 
Roger L. Kay, P.E., Hydraulic Engineer, U.S. Army Corps of Engineers, Omaha District, 

Omaha, NE 
 
106 S. 15 St, CENWO-ED-HE, Omaha, NE  68102, Phone: (402) 221-3150, Fax: (402) 221-
3005, E-mail: Roger.L.Kay@usace.army.mil 
 

INTRODUCTION 
 

Prior to this study, the discharge frequency relationships established for the Missouri River are 
those that were developed in 1962 and published in the Missouri River Agricultural Levee 
Restudy Program Hydrology Report (USACE, 1962).  This hydrology information was used for 
the water surface profiles and flood inundation areas that were developed for the Missouri River 
Flood Plain Study during the mid to late 1970's.  Almost 40 years of additional streamflow data 
were available since the Missouri River Hydrology was last updated.  Development of 
unregulated flows and regulated flows for a long term period of record was a monumental task 
for the Missouri River because of the extensive water development that has occurred in the basin.  
Daily flow hydrographs were developed through computer model studies for both unregulated 
and regulated flow conditions.  Estimates of historical and current level depletions were 
developed by the US Bureau of Reclamation and incorporated into the analysis.  Regulated flow 
conditions include the current level of water resources development and flood control regulation 
on the tributaries in addition to the regulation provided by the Missouri River Mainstem 
Reservoir system.  A Technical Advisory Group, consisting of hydrology experts in government, 
education and private practice, approved the methods used in the discharge frequency analysis.  

 
Previous Studies  Several studies have been undertaken in the past to define the flow frequency 
relationship of the Missouri River for various purposes pertaining to flood control measures.  
Past studies include the 308 Report (U.S. Secretary of War), the Flood Control Act of 1944 (U.S. 
Congress, 1944), Missouri River Levees, Definite Project Report (USACE, 1946), the Main 
Stem Flood Control Benefits Re-evaluation (USACE, 1956), and the Missouri River Agricultural 
Levee Restudy Program (USACE, 1962).  Hydrologic data developed as part of the 1962 study 
included flow hydrographs, annual peak discharge probability curves, stage-discharge rating 
curves, evaluation of levee confinement effects, and effects of reservoir control.  The discharge 
frequency relationships derived from this study are shown in Table 1.  
 
Table 1.  1962 Missouri River Discharge-Frequency 

Basin Description  The Missouri River 
rises along the Continental Divide in the 
northern Rocky Mountains and flows 
generally easterly and southeasterly to 
join the Mississippi River near St. Louis 
Missouri.  The river drains nearly 
530,000 square miles in Canada and 10 
states, or an area equal to one-sixth of 

 
LOCATION 
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Sioux City 

 
44,000 

 
65,000 

 
82,000 

 
90,000 

 
Omaha 

 
74,000 

 
125,000 

 
170,000 

 
190,000 

 
Nebraska City 

 
108,000 

 
160,000 

 
200,000 

 
220,000 

 
Rulo 

 
117,000 

 
170,000 

 
220,000 

 
241,000 
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the contiguous United States.  Its headwaters begin near Three Forks, Montana where the 
Madison River, the Jefferson River and the Gallatin River join to form the Missouri River.  From 
there it travels 2,315 square miles to its confluence, making it the longest river in the United 
States.  Major Missouri River tributaries are the Yellowstone River, which drains an area of 
70,000 square miles, the Platte River with a 90,000 square mile drainage area; and the Kansas 
River, which drains an area of approximately 60,000 square miles 
 
Average annual precipitation varies from over 40 inches in parts of the Rocky Mountains and 
southeastern parts of the basin, to less than 10 inches immediately east of the Rocky Mountains.  
Temperature extremes range from winter lows of –60ºF in Montana to summer highs of up to 
120ºF in Nebraska, Kansas, and Missouri.  The broad range in latitude, longitude, and elevation 
of the Missouri River basin and its location near the geographical center of the North American 
Continent results in a wide variation in climatic conditions, from season to season and from year 
to year.  Because of these extreme variations in climatic conditions, extensive development of 
water resources has occurred. 
 
Water Resources Development  Water resources development in the Missouri River basin has 
been dramatic over the past 150 years.  Significant periods of development were prior to 1910 
and since 1949.  Early water resource developments were oriented largely towards single-
purpose improvements to meet specific needs without substantial regard for other potential 
functions.  However, as the region's demand for water resources grew, and technology improved, 
multi-purpose programs became more prevalent. 
 
Flood Control Reservoirs  Numerous reservoirs and impoundments constructed by different 
interests for flood control, irrigation, power production, recreation, water supply, and fish and 
wildlife are located throughout the basin.  The U.S. Bureau of Reclamation (USBR) and the U.S. 
Army Corps of Engineers (USACE) have constructed the largest of these structures.  Six 
mainstem dams constructed by the Corps are the most significant authorized flood control 
projects within the basin, providing a combined capacity in excess of 73.5 million acre-feet, of 
which more than 16 million acre-feet is for flood control.  In addition to the six main stem 
projects operated by the Corps, 65 tributary reservoirs operated by USBR and USACE provide 
over 15 million acre-feet of flood control storage. 
 
Irrigation Development  Irrigation first appeared in the Missouri Basin about 1650 by the Taos 
Indians along Ladder Creek in northern Scott County, Kansas.  'Modern' irrigation appeared in 
the basin in the late 1850s and early 1860s, and water use for irrigation and other uses grew 
rapidly through the remainder of the 19th century and into the early 20th century, especially in the 
more arid western plains.  According to USBR estimates, irrigation and other depletions have 
reached 13.5 million acre-feet annually above Rulo, Nebraska. 
 
Navigation Channel  The Missouri River has served as a form of transportation for centuries.  
The first river navigation development work consisted of snagging and clearing to remove 
obstructions that hindered early steamboat traffic.  In 1912, Congress authorized a 6-foot channel 
between Kansas City and the mouth.  In 1927, Congress authorized the extension of the 
navigation channel to Sioux City, as well as a study to determine the feasibility of a nine-foot 
channel.  In 1945, Congress authorized the nine-foot channel to be constructed to Sioux City.  In 
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1981, the navigation channel project was officially declared finished, with the terminus of the 
project at River Mile 734 at Sioux City. 
 
Levees  After floods of the early 1900s, States in the Missouri River basin authorized local 
drainage districts to construct flood protection works, and some of the drainage districts came to 
the Corps of Engineers for assistance in their flood control efforts.  The Missouri River levee 
system was authorized by the Flood Control Acts of 1941 and 1944 to provide protection to 
agricultural lands and communities from Sioux City, Iowa to the mouth at St. Louis, Missouri.  
However, development of a Federal levee system has not occurred between Sioux City and 
Omaha, Nebraska.  Following construction of the Federal levee system, farming of the lands 
riverward of the Federal levees became more extensive.  Private levees have also been built in 
those areas where Federal levees were not built. 
 

HYDROLOGIC ANALYSIS 
 
The hydrologic analysis performed for this study was composed of many steps.  In order to 
provide a homogenous data set from which frequency analysis can be performed, effects of 
historic reservoir regulation and stream depletions had to be removed from the observed stream 
flow record.  This produced the data set referred to as the "unregulated flow” data set.  A 
homogeneous "regulated flow" data set was then developed by extrapolating reservoir and 
stream depletions to current use level over the period of record.  A relationship between the 
annual unregulated and regulated flow peaks was established in order to determine the regulated 
flow frequency at various points.   
 
Methodology  The following is a brief description of the work performed to estimate the flow 
frequency for points along the Missouri River. 
1) The existing stream flow data for mainstem gaging stations were extended by converting 

stage records to discharge through use of old rating curve information at each gage prior to 
the establishment of USGS gaging records.  This extended the period of record for the study 
back to 1898. 

2) Estimates of historic and current level irrigation water use and other consumptive uses 
(otherwise referred to as depletions, in sum) were developed by the USBR.  The historic 
level depletions were utilized in estimating the unregulated flow data set, while the current 
level depletions were used in developing the regulated flow data set. 

3) Historic evaporation and precipitation records were researched and compiled for inclusion in 
the input data set to the unregulated flow model. 

4) Reservoir regulation data were compiled for inclusion in the input data set to the unregulated 
flow model. 

5) The unregulated flow computer model was run, using data developed by both Omaha and 
Kansas City Districts, to determine a daily record of unregulated flows from Yankton, South 
Dakota to Hermann, Missouri covering the period from January 1, 1898 to December 31, 
1997. 

6) Flow frequency analyses were performed on the annual peaks using procedures found in 
Bulletin #17b (reference).  The results indicated the use of a mixed distribution of spring and 
summer peaks above the Kansas River and the use of annual peaks downstream of the 
Kansas River. 
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7) The regulated flow computer model was run, using data developed by both Omaha and 
Kansas City Districts, to determine a daily record of regulated flows from Gavins Point Dam 
to Hermann, Missouri covering the period from January 1, 1898 to December 31, 1997. 

8) Annual peaks from the regulated flow data set were determined at each station.  The annual 
peaks from the regulated and unregulated data sets were then paired against each other in 
descending order.  A relationship between regulated and unregulated flow frequencies could 
then be established at each station. 

 
Database  An extensive database of information was compiled in order to determine 
homogeneous unregulated and regulated data sets.  Information collected included streamflow 
and stage records, meteorological records, hydrologic data associated with reservoirs and 
estimates of irrigation and other basin depletions. 
 
Stream Flow Records The first river stage station on the Missouri River was established on 
January 1, 1872 at Fort Leavenworth, Kansas.  Within the current boundaries of the Omaha 
District, the first stage gage on the Missouri River was established on April 10, 1872 at Omaha, 
Nebraska.  Other river stage gages were established at Plattsmouth, Nebraska on April 19, 1873; 
at Nebraska City on August 1, 1878; and at Sioux City, Iowa on September 2, 1878.  Mean daily 
discharge records were compiled from the USGS (USGS, 1928-1997).  Since daily discharge 
records were not available for the entire study period, discharge values were estimated from 
stage records prior to about 1928.  Rating curves were developed by using information from the 
discharge measurements of the late 19th and early 20th centuries.  These rating curves were 
applied to the stage data collected by USACE and U.S. Weather Bureau (USDA, 1895-1928) to 
develop daily values of discharge.  For those periods during which the river was noted as ice 
covered, a constant was applied to the rating curve that reduced flows to account for the 
increased hydraulic radius.  Missing records at Sioux City were estimated based on comparison 
of the USGS monthly estimates of flows and eye fitting the missing discharge hydrograph to 
preserve the monthly volumes.  Missing records at Omaha and Nebraska City were estimated by 
routing upstream flows to these gages. 
 
Meteorological Records  Meteorological records such as precipitation and evaporation were 
needed for determining unregulated flows, as precipitation and evaporation affect the amount of 
water in reservoir storage.  Evaporation from large flood control reservoirs is a major loss of 
water from the basin and must be accounted for in determining unregulated flows.  Precipitation 
on reservoir surfaces must also be accounted for, as direct runoff is increased. 
 
Precipitation and evaporation records were drawn from National Weather Service records 
available on CD-ROM.  Records were drawn from the closest and/or most reliable nearby 
precipitation and/or evaporation station for each reservoir project.  Missing precipitation records 
were filled in with the average monthly precipitation computed from available records.  For each 
day with a missing precipitation record, the average monthly values were divided by the number 
of days in the month and used to replace the missing record.  Several reservoirs antecede 
evaporation records, so the daily average from the period of record at each station was used to 
estimate evaporation records at these reservoirs prior to the period of record.  Additionally, some 
stations do not report evaporation records during winter months, so monthly average values, 
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taken from NWS 34 (NWS, 1982b), were used at these stations.  The evaporation records were 
adjusted using pan evaporation coefficients from NWS 33 (NWS, 1982a) and USACE (1973a). 
 
Area-Capacity Relationships  Area-capacity relationships at each reservoir are important for 
determining how much water is lost to evaporation and how much is gained from precipitation at 
each reservoir.  Survey data was gathered for each reservoir modeled in the UFDM.  Even 
though each reservoir has suffered from sedimentation, the area-capacity relationship has 
remained relatively stable over time, so a single relationship was used at each reservoir. 
 
Reservoir Hydrologic Data  In order to accurately estimate how each flood control reservoir is 
affecting flows through holdouts, it is necessary to have accurate records of reservoir inflow and 
outflow and/or reservoir storage.  Data for inflow, outflow and storage are available from the 
USBR, USACE and USGS for nearly all reservoirs, although some data had to be collected for 
the privately owned reservoirs from the reservoir owners.  Reservoir data were obtained for the 
following dams: Clark Canyon, Hebgen, Canyon Ferry, Gibson, Tiber, Fort Peck, Fresno, Bull 
Lake, Boysen, Buffalo Bill, Yellowtail, Garrison, Heart Butte, Bowman-Haley, Shadehill, 
Keyhole, Pactola, Angostura, Oahe, Big Bend, Fort Randall, Gavins Point, Pipestem, and 
Jamestown. 
 
Depletion Estimates  In order to properly develop unregulated and regulated flows, an accurate 
accounting of streamflow depletions by irrigation, reservoir holdouts, and other consumptive 
uses was needed.  The USBR was contracted with to provide estimates of streamflow depletions 
for the period 1898-1996 for the Missouri River upstream of Hermann, Missouri.  The values 
provided by the USBR were by month, and included historic (actual) level of depletions and 
current-use level depletions. 
 
Unregulated Flow  Unregulated flow can be defined as removing the effects of all consumptive 
uses of water (reservoir holdouts, irrigation, etc.) from the observed flow record; in other words 
the unregulated flow approximates the natural flow of the river.  The unregulated flow data set 
was developed through use of the Unregulated Flow Development Model (UFDM), utilizing data 
sets for discharge, reservoir inflow and outflow or storage change, evaporation, precipitation, 
area-storage relationships, depletion data, and routing parameters, as well as observed flow at 
each gage. 
 
Hydrologic Model Description (UFDM)  Reliable runoff or flow data are a continuing need for 
purposes of efficient utilization of the available water supply in the Missouri Basin.  With these 
data the nature and distribution of the supply becomes apparent, long term normals are defined 
more precisely, effects of basin water resources development can be estimated, and reservoir 
regulation effects on downstream flood flows or low water conditions may be developed.  The 
UFDM is a computer model developed by the U.S. Army Corps of Engineers Reservoir Control 
Center at the Missouri River Region Office to determine unregulated flows for a base level of 
water resource development in the basin.  The model is used to assist in determining flood 
control benefits for the mainstem reservoir system as well as to determine the amount of runoff 
from the upper Missouri River basin.  In basic terms, the model determines reservoir holdouts 
and adds these holdouts to irrigation and other water-use depletions to obtain total holdouts in 
each mainstem reservoir reach.  The total holdouts are routed through the system of reservoirs 
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and then downstream to each gage, with the holdouts added to observed flow at each gage to 
determine unregulated flow.  A more detailed description of the UFDM modeling philosophy 
may be found in USACE (1973b). 
 
Once all input data were compiled, the model was run, covering the period of January 1, 1898 to 
December 31, 1997.  Annual peaks and various other data were extracted from the output data. 
 
Model Verification  Traditionally, hydrologic computer models are calibrated to observed 
events to obtain some degree of confidence in the model parameters.  Of great concern is 
validating flows for the period 1898-1928, which were derived by use of stage readings 
converted to flow estimates.  One means to verify the accuracy of the model output is to compare 
it to various hydrologic and climatological data.  Comparison of mean annual flows and an 
annual basin-weighted drought index supported the mean annual flows as reasonable for the 
period 1898-1928.  An analysis of observed annual stream flows tends to further support this 
position.  Although the 1898-1928 estimated flows are higher than any other period during the 
historical record, they are reasonable when considering the effects of droughts, depletions, and 
reservoirs.  Results indicate that the estimates of annual discharges for the period of 1898-1928 
prepared for this study may be overestimated by as much as 1 to 2 million acre-feet per year.  
Because the discharges were estimated by use of rating curves derived from measurements made 
primarily during the summer months, it is believed that the majority of the overestimation would 
occur during late fall and winter periods, when flows were at their lowest.  Consequently, 
comparison of monthly unregulated flow volumes showed that for the periods 1898-1928 and 
1967-1997, differences in monthly flow volumes were not statistically significant except in the 
months of August-January.  Therefore, it is concluded that high flows and peak flows estimated 
for the period 1898-1928 are reasonable and adequate for peak flow frequency and high flow 
volume investigations.  (Interestingly, monthly flow volumes from 1929-1966 are significantly 
lower from monthly flow volumes in either 1898-1928 or 1967-1997.) 
 
Regulated Flow  Regulated flows are defined as those flows over a period of record, assuming a 
constant level of development, in other words the historic period is modeled as if all current 
reservoirs and irrigation depletions had been in place over the period of record.  The regulated 
flow data set was developed through use of the Daily Routing Model (DRM), utilizing data sets 
for discharge, reservoir inflow and outflow, and depletions. 
 
Hydrologic Model Description (DRM)  The DRM was originally developed for use in the 
Missouri River Master Water Control Manual Update Study to evaluate flood control, interior 
drainage, and groundwater levels along the Missouri River and navigation contributions to the 
Mississippi River.  The DRM contains 20 nodes including the six mainstem reservoirs and 14 
gaging stations.  The model utilizes two sets of input data.  The first set of input files contains 
historic reach inflow and streamflow depletion data in yearly files, and the second contains the 
various constants and variable parameters that define regulation decisions on the basis of flood 
control, navigation and other authorized purposes.  Each yearly file contains 14 months of data – 
December of the previous year through January of the following year.  More detailed 
information on the background and use of the DRM can be found in USACE (1998). 
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Input Data Development  Virtually all input data required for the DRM was previously 
developed for the unregulated flow analysis or developed for previous studies utilizing the DRM.  
Input data at gaging stations includes incremental reach inflow, observed gage flow data, and 
incremental reach depletion data.  Input for the six mainstem reservoirs includes reservoir 
inflow, reservoir outflow, incremental reach inflow, evaporation, and storage.  The remaining 
data sets are the rule curves that dictate the operation of the reservoirs given various parameters.  
The DRM uses depletion data by adjusting historic flows to present day consumptive water uses. 
 
Model Verification  The output for the DRM can be compared to observed data for a relatively 
good check on the validity of model results.  The mainstem reservoir system reached operational 
volume in 1967, so results from 1968 to 1997 can be compared to see how well the model 
reproduces the observed hydrograph.  The modeled peaks were 2,000-4,000 cfs higher on 
average, depending on station.  However, for the highest flow year (1997), the simulated and 
observed peaks are nearly identical. 
 
Some difference can be expected between observed and simulated, as the actual and current level 
of depletion differ somewhat; therefore it can be expected that the simulated values are higher 
than the observed.  By comparing computed and observed end of month mainstem storage from 
1967 to 1990, nearly all the difference can be explained due to depletions that were increasing at 
a rate of about 82,000 acre-feet per year.  The final calibration check is to compare the computed 
daily discharge versus observed daily discharge at Gavins Point Dam.  Daily release patterns and 
values match well throughout the observed period since 1967.  In several years, however, there 
are significant differences at various times of the year; most often this is due to the model being 
unable to more accurately forecast future inflows in order to step up or step down releases. 
 

FREQUENCY ANALYSIS 
 
A frequency analysis was performed on the unregulated flow data set at each gaging station.  A 
relationship between regulated and unregulated peak annual flows was then developed at each 
station.  The regulated-unregulated relationship was then used to derive the regulated flow 
frequency at each station. 
 
Unregulated Flow Frequency  Frequency analysis was performed on peak annual unregulated 
flows at each gage, using Bulletin 17B procedures.  Outliers were examined, and historical flood 
information was considered for increasing the reliability of estimates of less frequent floods.  A 
mixed distribution was evaluated for applicability to the flow data.  In order to obtain regionally 
consistent frequency profiles, skew values were regionalized for final frequency estimates. 
 
Methodology  The Technical Advisory Group/Interagency Advisory Group (TAG/IAG) 
recommended using Bulletin 17B procedures after investigating various distribution 
methodologies and their applicability to the study area.  Hence, analyses were performed on the 
annual peak unregulated flow series at each gage.  However, it became apparent that this 
procedure did not adequately describe the upper end of the frequency curve for this portion of the 
Missouri River, based on the 1952 flood of record and on historical flood information prior to 
1898.  Further analyses would go to show that the snowmelt season and rainfall season events 
have different distributions, and should therefore be treated as a mixed population. 
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Mixed Population Analysis  Downstream of the Yellowstone River, the Missouri River has 
historically been subject to two main annual flood events - a spring plains snowmelt period, and 
a summer mountain snowmelt and plains rainfall period.  Each series of floods was examined to 
see if they differed significantly and if the two flood periods could be combined to better 
describe the flow frequency at each gage.  For purposes of analysis, the calendar year was 
divided into two seasons: spring (January 1 - April 30) and summer (May 1 - December 31).  
The majority of large floods above the Platte River result from plains snowmelt floods, while 
between the Platte and Kansas Rivers, plains snowmelt floods constitute the majority of top 5 
floods. 
 
USACE (1993) suggests the use of mixed population analysis when there are two or more 
different, but independent, causative conditions, as exists on the upper Missouri basin.  The 
plains snowmelt and mountain snowmelt can be considered independent, or very nearly so, as 
plains snowpack typically peaks from February to early-April, and is almost non-existent by the 
end of April, while the mountain snowpack typically continues to accumulate until mid-May or 
later.  Rainfall sometimes augments a plains snowmelt and sometimes a very late snowfall may 
occur in May over much of the upper basin.  However, runoff characteristics differ greatly from 
early spring to late spring, with mostly frozen soil early in the spring resulting in much greater 
runoff than occurs later in the spring from the same volume of precipitation. 
 
Regionalization of Statistics  In order to obtain regionally consistent frequency curves at each 
gage, it is necessary to regionalize the results of the flow frequency analysis.  However, there is 
no guidance for regionalizing computed flow statistics in a mixed distribution, other than 
USACE (1993) stating, “If annual flood peaks have been separated by causative factors, a 
generalized skew must be derived for each separate series to apply the log-Pearson Type III 
distribution as recommended by Bulletin 17B.” 
 
An examination of the station statistics shows a break in computed values of skew between 
Omaha and Nebraska City.  Therefore, it was decided to regionalize skew for the gages above 
the Platte River and for those between the Platte and Kansas Rivers, and this was done by 
averaging the skew between stations in each reach.  Use of the regional skew values results in the 
following frequency relationships at each gage (see Table 2). 
 
Table 2.  Regional Frequency Relations for Mixed Distribution,  
Yankton to Rulo, Unregulated Flow 

The regionally computed 
values show a slight 
decrease in discharge from 
Yankton to Decatur for the 
less frequent events.  This 
can be attributed to the fact 
that the floodplain broadens 
tremendously downstream 
of Yankton and large flood 
waves are attenuated 
through this valley storage, 
and there is not much 

Percent 
Chance 
Exceedance 

Yankton Sioux City Decatur Omaha Nebraska 
City 

Rulo 

99 80500 83700 84000 86800 116700 115700 
95 100100 103400 103700 107400 138700 138600 
90 111800 115200 115600 119700 152000 152600 
80 127600 130800 131100 136200 169800 171400 
50 162200 165100 165300 172100 210100 214200 
20 205300 207500 207400 216200 260900 268400 
10 234600 236300 235300 245200 293900 303000 

5 272100 273200 270100 280200 329100 340400 
2 330300 330200 324400 334400 374100 386200 
1 385600 383800 376000 386700 417600 429300 

0.5 450000 446000 436100 447700 473600 485200 
0.2 526400 519500 507100 519600 548700 557900 

 8



lateral inflow from Yankton to Omaha. 
 
Regulated-Unregulated Relationships  Frequency analysis of a regulated data set should 
generally not be done by normal analytical methods.  In order to determine an accurate regulated 
frequency relationship, it is necessary to determine the unregulated frequency relationship at the 
gage, and determine a relationship between regulated and unregulated peaks.  The regulated-
unregulated relationship is then applied to the unregulated frequency curve to determine the final 
regulated flow frequency relation. 
 
Methodology  The regulated-unregulated relationship is determined by pairing regulated and 
unregulated peak values with one another, and determining the relationship that best describes 
that pairing.  Since the unregulated analysis relied upon a mixed distribution analysis, it was 
thought that perhaps the regulated-unregulated relationship could be derived by pairing the 
spring regulated and unregulated peaks and the summer regulated and unregulated peaks, 
determining the relationship for the spring and summer data, and combine the curves using the 
probability of union.  However, this method proved unsatisfactory, as the spring and summer 
regulated values were not wholly independent, making the combination of the curves extremely 
cumbersome.  Thus, it was decided to determine the regulated-unregulated relationship using 
annual peaks from the regulated and unregulated data sets.  Data were first paired by year (year-
ordered pairs), but this resulted in a great deal of scatter.  Each data set was then ordered by 
magnitude of flood, and then paired (rank-ordered pair).  This pairing resulted in a relationship 
that plotted through the median of the year-ordered pair data.  In order to develop a regulated-
unregulated relationship with a greater degree of confidence for the less frequent events, it was 
necessary to develop some “design” storms to synthesize data points to extrapolate the regulated-
unregulated relationship.  Several large floods that had roughly the same exceedance probability 
at 5 or more of the gages from Yankton to St. Joseph were chosen as representative in terms of 
timing as well as areal distribution.  Those design floods that did not reasonably preserve the 
consistency of the volume-duration curve of the baseline flood were not used for extending the 
regulated-unregulated relationships.  The remaining floods were then plotted with the year-
ordered pairs and rank-ordered pairs to ensure they fell within the scatter of points.  A 2nd-degree 
polynomial was derived that best fit the upper half of the data points, and an ocular fit for each 
relationship was then determined over the entire range of data points.  Below is an example of 
the regulated-unregulated relationship at Nebraska City. 
 

Regulated Flow Frequency  In order to 
determine the final regulated flow 
frequency relationship at each gage, the 
regulated-unregulated relationship is 
applied to the unregulated frequency 
curves.  This results in the regulated flow 
frequency relationships found in the table 
below.  All values are relatively consistent 
with results of the previous study, with the 
exception of flows at Sioux City, where 
the 100-year flood value has increased by 
almost 50%. 
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Figure 1.  Regulated-Unregulated Relationship at 
Nebraska City 



 
Table 3.  Regulated Frequency Curves, Yankton to Rulo 

Plots comparing the unregulated 
and regulated flow frequency 
relationships are shown below 
(Figures 2a-f) for the gages from 
Yankton, South Dakota to Rulo, 
Nebraska.  As can be seen, the 
effectiveness of flood protection 
afforded by the mainstem dams 
decreases as one moves 
downstream. 
 

Percent 
Chance 
Exceedance 

Yankton Sioux City Omaha Nebraska 
City 

Rulo 

99 27000 31200 34600 40600 44900 
95 32100 34000 40700 53500 55800 
90 34800 36100 44800 60500 62800 
80 38300 39100 49900 70500 72600 
50 45200 49500 64100 88000 94800 
20 63000 66800 85200 118500 132400 
10 65000 78300 123500 149500 160600 

5 68000 89900 129400 186000 181700 
2 74700 113900 148000 206000 216800 
1 84900 133700 174900 236500 252100 

0.5 99400 157100 207700 278900 301200 
0.2 123500 185400 248200 345400 370700 

 

 
Figures 2a-f.  Flow Frequency Relationships for Regulated and Unregulated Flow Conditions 
 

FLOW REGIMES FOR UNREGULATED AND REGULATED CONDITIONS 
 
Daily flows from both the regulated and unregulated flow data sets were averaged over the 
period of record, and mean values of flow were derived for each day of the year.  Additionally, 
upper and lower quartiles and deciles were derived from the data sets.  The results show that for 
most years, the spring rise is relatively insignificant compared to the summer rise.  The results 
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also show that regulation has effectively removed both the spring and summer rises, and flows 
do not decline for several months later compared to the unregulated condition.  Sample results 
are shown in Figure 3 for Sioux City and Nebraska City gages. 
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Figure 3.  Upper and Lower Quartiles and Deciles and Mean Annual Regulated and 
Unregulated Flow, Sioux City and Nebraska City 
 
Depletions have a significant impact on annual flow volume, but relatively little impact on flow 
frequencies.    Average maximum streamflow depletions are 35,000 cfs at Sioux City and over 
50,000 cfs at Rulo in mid-summer.  However, since spring flows have a much greater impact on 
the upper portion of the frequency curves, and depletions are negligible in the spring, ignoring 
the impacts of depletions has only about a 1% impact on the computed 1% flood.  However, 
depletions are important to consider, as they comprise slightly over 25% of the mean annual 
natural flow between Yankton and Rulo.  If depletions are ignored, the unregulated flow 
hydrograph changes so that the summer rise peak is not nearly as prominent relative to the spring 
rise, and the mean annual hydrograph does not steadily decrease from July through December.  
Additionally, losses of water through reservoir regulation, mainly through evaporation, account 
for nearly 10% of the mean annual natural flow at Sioux City. 
 

CONCLUSIONS 
 
The frequency of flooding along the Missouri River has been greatly reduced by operation of the 
six Missouri River mainstem dams above the Kansas River, although the effectiveness of 
regulation decreases as one moves downstream.  The natural hydrograph of the Missouri River 
between the Yellowstone and Kansas Rivers is dominated by two main flood periods, spring and 
summer, that necessitate use of a mixed distribution analysis to compute flow frequencies for the 
unregulated condition.  Flow frequencies for regulated conditions are best determined using a 
regulated-unregulated relationship applied to the unregulated flow frequencies.  Accounting for 
all consumptive uses of water in the basin, including reservoir regulation and irrigation 
depletions, leads to a more homogeneous data set.  Use of these data sets should lead to a better 
understanding of the relationship between the natural and current conditions flows on the 
Missouri River.  The unregulated and regulated flow data sets will also be useful for other future 
studies of the Missouri River. 
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ABSTRACT  The planning and design of hydropower projects requires a reasonable estimate of 
design flood to be made. Statistical analysis attempts to estimate the magnitude and frequency of 
flood by using past flood records. In developing countries like India, many a times the data is 
either unavailable or is inadequate to perform such analysis. Estimation from such small samples 
may give physically unrealistic parameter estimates. Regional frequency analysis attempts to 
resolve this problem by augmenting the data at a particular site by transferring information from 
basins having similar hydrological and geological characteristics. This study covers 10 sites in 
and around Ganga basin in the Northern Hydrological sub zones.  
 
The present study uses the concept of Probability weighted moments (PWM’s) and L-Moments, 
which gives reliable estimates, even for small samples. The standard regionalization procedure as 
described by Hosking has been followed. The homogeneity test was performed to ensure that the 
region formed is meaningful and homogeneous. The choice of statistical frequency distribution 
for the region was made using L-moment ratio diagrams (LMRD) using the weighted averages of 
L-moment statistics (LCv, LCs, LCk) for the region. A regression analysis between mean annual 
flood and catchment area resulted in value of R2 equal to 0.913, and the MAPE (Mean Absolute 
Percentage Error of Estimate) was 15.3%.  
 
The comparison of regional and at-site estimates show that the regional analysis is preferable to 
at-site estimation as it showed lesser root mean square error than at-site estimates for all 
discharges sites. As the sample size at a site reduces, the advantage of regional analysis over at-
site analysis increases.  
 

INTRODUCTION 
 
The study area consists of 10 sites in and around Ganga basin in the Northern Hydrological sub-
zones, covering a total catchment area of 110350 sq km.  Available gauge records of the sites in 
the region vary from 13 years of record of river Alaknanda at Rudraprayag to 100 years of record 
of river Ganga at Raiwala. The overall data available from all the 10 sites of the data region 
totals 487 station years. Catchment areas of discharge sites vary from 4200 sq km of Ravi river at 
Madhopur to about 22,560 sq. km of Gandak river at Bhaisalotan.  Topography of the study area 
varies from hilly and thickly forested area to bare and cultivable land area. Normal annual 
rainfall in the region varies between 1200 mm to 2800 mm. The description of the discharge sites 
is listed in Table 1. 
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Table 1 

Description and characteristics of discharge sites  
Site 
No River 

Discharge 
Site 

Catchment 
Area 

Sample 
Size 

Mean 
Flood LCv LCs LCk 

      A(sq km) N(years) cumec       
1 Bhagirathi Tehri 5183 30 2059 0.228 0.231 0.183 
2 Ganga Raiwala 14486 100 6514 0.258 0.234 0.166 
3 Beas Pong Dam 12436 41 8489 0.241 0.187 0.082 
4 Gandak Bhaisalotan 22560 65 10321 0.159 0.162 0.211 
5 Alaknanda Rudraprayag 4003 13 2065 0.151 0.019 0.259 
6 Yamuna Tajewala 11360 55 5575 0.359 0.342 0.178 
7 Ravi Madhopur 6253 40 4180 0.398 0.439 0.372 
8 Sarda Banbassa 15050 44 7763 0.208 0.131 0.117 
9 Sharda  Tanakpur 15100 63 7473 0.189 0.097 0.107 

10 Tons Kishau 3919 36 1887 0.454 0.555 0.356 
      110350 487        

 
REGIONAL ANALYSIS 

 
Data Screening The flood frequency analysis procedure assumes that the data collected at the 
site is a true representative of the parent population. Therefore, the first step in statistical data 
analysis is to ensure the suitability of the data. In regional flood frequency analysis, the discharge 
data are taken from several sites of the same region. At least the following three kind of checks 
on the data are required. 

i)  Check of individual site’s data for presence of outliers and repeated values. 
ii)  Check for trends or persistence in the data from individual sites. 
iii) Check for interrelationship in the data from several sites. 

 
Identification of Homogeneous Region Regional flood frequency analysis involves the 
identification or grouping of sites to form a homogeneous region. The aim is to form group of 
sites that approximately satisfy the homogeneity condition and have similar frequency 
distributions apart from a site specific scale factor, usually taken as the mean flood value of the 
site.  

 
The general procedure adopted in large-scale studies involves clustering of sites based on a data 
vector associated with each site. The sites having similar values of data vector are grouped as 
one region. The data vector can include site characteristics and/or at-site statistics. Acreman and 
Sinclair (1986) have used cluster analysis based on site characteristics for regionalization in 
Scotland. Thandeswara and Sajikumar (2000) have used ART-II network clustering technique to 
identify homogeneous groups.  
 
Testing of Regional Homogeneity Once a set of sites have been identified as forming a region, 
it is desirable to test whether the region is meaningful and can be accepted as homogeneous. The 
hypothesis of homogeneity is that the at-site frequency distribution of all grouped sites are 
similar apart from a site specific scale factor, usually taken as the mean of the data series of each 
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site. There are many examples of homogeneity tests as proposed by Acreman and Sinclair 
(1986), Wiltshire (1986), Chaudhary et.al. (1991), Hosking and Wallis (1993). Kumar and 
Minocha (2000) have also suggested the use of regional homogeneity measure. Most of these 
tests involve a statistical value ‘Z’ that measures some aspect of frequency distribution that is 
constant in a homogenous region. The statistic Z can be chosen as coefficient of variation or 
skewness, L-moment ratio or a combination thereof. A test statistic ‘S’ is then constructed which 
measures the difference between at-site and regional estimates.  
Test Statistic S can be taken as 

        (1) 2

1
)( Ri

N

i
ZZS −= ∑

=

where Zi = At-site estimate of chosen statistic for site i. 
ZR =  Regional estimate of chosen statistic taking rescaled data from all sites as one. 

The value of S is compared with “null distribution” (as assumed distribution for the sites in the 
region). If the value of S lies far in the tail of its null distribution the region is declared as 
heterogeneous. If the value lies with in the body of the distribution, the region is accepted as 
homogeneous. 
 
According to Hosking and Wallis (1997), in a homogeneous region, all sites have same 
population L-moment ratios. But their sample L-moment ratios may differ at each site due to 
sampling variability. The inter-site variation of L-Moment ratios of the observed data is 
measured as the standard deviation of the at-site LCv’s weighted proportionally to the record 
length at each site. To establish what would be the expected inter-site variation of L-Moment 
ratios for a homogeneous region, simulations are used. 
 
Heterogeneity Measure suggested by Hosking and Wallis (1993) is given as 

  
v

VH v

σ
μ−

=        (2) 

where V = standard deviation of the at-site LCv’s ( or LCs or LCk ) of the observed data region , 
weighted proportionally to the record length at each site  
μv, σv = Mean and standard deviations of inter-site variations of at-site LCv’s of simulated 
regions. 
 
Heterogeneity Measure is a reliable estimator of regional homogeneity. This method involves 
use of a 4-parameter distribution (such as Kappa, Wakeby etc.)  for simulation thus not 
committing itself to any 2 or 3 parameter distributions.  In this method, the inter-site variations in 
sample L-moments for the group of sites is compared with the expected inter-site variations of a 
homogeneous region. 
 
Hosking and Wallis (1993) have established the following criteria for assessing the hetrogeneity 
of a proposed region. 
 If H < 1  Region is acceptably homogeneous.  
 If 1 ≤ H < 2  Region is possibly homogeneous. 
 If H ≥ 2  Region is definitely heterogeneous. 
 
Selection of Regional Frequency Distribution  In regional flood frequency analysis, a single 
frequency distribution is fitted to data from several sites. In a truly homogeneous region, all the 
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sites have same frequency distribution. But due to slight heterogeneity generally present in a 
region, no single frequency distribution can be a “true” fit for all the sites in the region. 
Therefore the aim is to identify a distribution that will yield reasonably accurate quantile 
estimates for each site.  
 
There are many flood frequency distributions available for modeling flood flows such as Normal, 
Log normal, Extreme value (EV1), Generalized extreme value, Pearson, Log Pearson, Wakeby 
distribution etc. The choice of frequency distribution should be based on such statistics that truly 
represent the characteristics of the sample. L-moment statistics of a sample reflect every 
information about the data and provide a satisfactory approximation to the distribution of sample 
values (Hosking, 1990). Hence L-moment ratio diagrams can be used for the purpose of 
identifying the underlying regional frequency distribution (Wallis , 1989). One major advantage 
of L-moment ratio diagram is that one can compare the fit of several distributions using a single 
graphical instrument.  
 
Assessment of the validity of the candidate distribution can then be done on the basis of how 
well the distribution fits the observed data. Several methods are available for testing goodness-
of-fit of data for site-specific frequency analysis like the Chi-squared, Kolmogorov-Smirnov and 
other tests based on L moments (Rao, 1998). Hosking and Wallis (1997) have proposed an 
alternative goodness of fit measure  for regional frequency analysis that uses the regional 
average L-moment.  
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The goodness of fit is judged by how well the L-Skewness and L-Kurtosis of the fitted 
distribution match the regional average L-Skewness and L-Kurtosis of the observed data. When 
all the three L-moment ratios are considered in the goodness-of-fit test, the distribution that gives 
the best overall fit when all the three statistics are consider together is selected as the underlying 
regional frequency distribution. According to Hosking and Wallis (1997), distribution is 
considered to give good fit if ≤distZ  1.64. 
 

METHODS OF PARAMETER ESTIMATION 
 

The conventional method of using product moments for parameter estimation has been shown to 
give erroneous results (Vogel and Fennessey, 1993). The present study uses the concept of 
Probability weighted moments (PWM’s) and L-Moments. The probability weighted moment 
have been used as the basis of methods for estimation the parameters of probability distributions 
by Vogel and Wilson(1996), Kumar et al (1999) and  Upadhyaya and Kumar (2000) . PWM is an 
unbiased and efficient parameter estimation model. PWM’s suffer less from the effect of 
sampling variability and are more robust than conventional moments. It overcomes the condition 
of separation. This method compares favourably with Maximum Likelihood Method, and gives 
reliable estimates even for small samples. Upadhyaya and Kumar (1999) have demonstrated the 
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use of L-moments for estimation of distribution parameters in regional analysis. A brief 
description of this method is given below. 
 
Probability Weighted Moments (PWM) :  Probability weighted moments are defined by 
Greenwood et al (1979) as 
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is the  cumulative density function and x(F) is the inverse of it. l, j, k are real numbers. The 
commonly used PWMs are αk and βj. 
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L-MOMENTS:  L-Moments are defined by Hosking (1990) as linear combination of probability 
weighted moments.  In terms of αk and βj, L-moments are defined as 
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In particular 
λ1 = α0    = β0 

 λ2 = α0-2α1   = 2β1-β0 
 λ3 = α0-6α1+6α2  = 6β2-6β1+β0 
 λ4 = α0-12α1+20α2- 20α3  = 20β3-30β2+12β1-β0   (9) 
λ1 measures the location or mean of the distribution 
λ2 measures the scale or dispersion etc. 
 
L-moment ratios: Hosking (1990) has defined L-moment ratios analogous to conventional 
moment ratios as  

LCv = λ2 / λ1         
LCs = λ3/λ2        (10) 
LCk = λ4 / λ2    
      

L-moment ratios measure the shape of the distribution independently of its scale of 
measurement. The physical significance of L-moment ratios LCv, LCs and LCk is similar to that 
of Cv, Cs, and Ck. 
 

PERFORMANCE MEASURES 
 
Results of statistical frequency analysis have an inherent uncertainty and the magnitude of 
uncertainty should be known for the results to be meaningful. In regional as well as site specific 
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frequency analysis, performance evaluation can be done by determining the following three 
statistics (Hosking and Wallis, 1997). 
 
Statistic 1: The Relative Bias at a site is defined as 

∑
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where  (F) is the quantile estimate from a simulated region and Nsim is the number of 
simulations. Qi(F) is the quantile estimate from observed regional data 

m
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The regional average relative bias of the estimated quantile will give a summary of the overall 
performance of the estimation procedure. It is given as 
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where N is the no. of sites in the region. 
 
Statistic 2 : The Root Mean Square Error (RMSE)  at a site i for an estimated quantile Q(F) 
for non-exceedence probability F is given as 
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where  (F) is the quantile estimate from a simulated region and Nsim is the number of 
simulations. Qi(F) is the quantile estimate from observed regional data.  

m
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The regional average RMSE of the estimated quantile will give a summary of the overall 
performance of the estimation procedure. It is given as 
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Statistic 3: 
The accuracy of regional and at-site estimation can be compared as the Ratio of relative RMSE 
of at-site estimate with the relative RMSE for regional estimation and is defined as  

R = 
)F(rmseregional
)F(rmsesiteat −       (15) 

Comparison of the at-site and regional frequency analysis results is an important performance 
evaluation measure. If the ratio is more than one, regional estimation is more accurate.  
 

 
RESULTS & DISCUSSIONS 

 
Grubbs and Beck Test for outliers (Rao, (1998)) was performed  on the data set and one outliers 
found  at each of the three sites namely  Madhopur, Bhainsalotan and Rudraprayag . The 
discharge values identified as outliers were removed from further statistical analysis. To check 
for randomness of data, the autocorrelation coefficients were determined for all 10 sites and the 
values were found to be lying within the 90 % confidence interval, indicating randomness of 
data. Further, Discordancy Measure (D) as described by Hosking and Wallis (1993), was 
calculated for all 10 sites to determine those sites that are grossly discordant with the group as a 
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whole. The analysis revealed that no site in the data region was discordant as the values of D 
were in the range of 0.21-2.21 against the permissible value of 3. For checking inter-site 
correlation of discharge site, the serial cross-correlation coefficients were determined for all 
sites and the values were found to be within the 95 % confidence interval.  
 
All the 10 sites for which data was available were initially assigned to one region in the absence 
of information regarding the physical and climatic characteristics of the region. The 
homogeneity test was performed to ensure that the region formed is meaningful and 
homogeneous. The heterogeneity measure was calculated for the region and the value of 
heterogeneity Measure ‘H’ was found to be 0.989 (H<1) indicating that the region is acceptably 
homogeneous and no regrouping is required.  

 
The choice of statistical frequency distribution for the region was made using L-moment ratio 
diagrams (LMRD) using the weighted averages of L-moment statistics (LCs, LCk) for the 
region. The weighted regional average (LCs, LCk) is plotted on the L-moment ratio diagram and 
the distribution nearest to the point is taken as the underlying distribution. For the study region, 
these L-moment statistics were obtained for all the sites and are listed in Table 1. The regional 
weighted average for LCs and LCk was calculated as (0.2397, 0.203) and with the help of L-
moment ratio diagram (See Figure 1), the Generalized Extreme Value (GEV) distribution was 
identified as the underlying frequency distribution. Test for Goodness-of-fit was carried out 
on the chosen distributions as also on other distributions to check how well the distributions fit 
the observed data. The values of Goodness-of-fit measure (Z) in respect of LCv, LCs and LCk 
were obtained for various distribution using simulation procedure. Among the various 2 & 3 
parameters distribution, GEV  distribution was  found to be giving the  best fit . 
 
Generalized Extreme Value (GEV) Distribution ( Hosking et al (1985) ) 
  (a) Probability density function 
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  (b) Cumulative density function 
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 where u, α and k are the three distribution parameters representing location, scale and 
shape factors respectively. 
 
(c) Quantile estimate  
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  where F = 1-1/T , T is return period (in years) 
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Figure1  L Moment Ratio Diagram 
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Regional Distribution Parameters Estimates  The data at each site in the region was divided 
by mean annual flood at each site and the rescaled data was combined together as one sample. 
The chosen GEV distribution was then fitted to the combined rescaled data and the regional 
distribution parameters were determined as 
 u = 0.329 α = 0.7604  k =- 0.1347   (19) 
The regional estimate were then determined at all sites in the region for various return periods.  
 
Assessment of the Accuracy of Regional Estimates: For presenting the results of analysis, site 
no. 1 to 6 were chosen as representing all sites on the basis of sample sizes. The plot of RMSE 
(%) Vs return period for at-site and regional estimates is shown in  Fig 2.  The regional estimates 
showed lesser RMSE than at-site estimates for all discharge sites, which establishes the 
superiority of regional analysis over at-site analysis. It is to be further noted that the 
difference in RMSE of at-site and regional estimate is much more for Site No.5 where the 
sample is exceptionally small (of 13 years) vis-à-vis samples of other sites. Fig 2 also shows that 
as the sample size reduces, the regional analysis becomes more preferable to at-site estimates. 
The performance evaluation of regional analysis has also been done using the three statistics 
described in Eq 11, 13 and 15 and the results are given in Table-2. The low values of statistic-1 
and 2 and the value of statistic-3 > 1 shows that regional analysis gives better estimates than at-
site estimates. 
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Mean Annual Flood Estimate :  For the study region, relationship between mean annual flood 
and catchment area was developed using regression analysis and is given as 
 Q  = 1.8257 A0.8656       (20) 
The regression analysis resulted in value of R2 (coefficient of multiple determination) equal to 
0.913, and the MAPE (mean absolute percentage error) value of estimate was 15.3 %.  
 
Regional flood for the region can now be given using eq. 18 and 19 as 

 ])Flog(1[
k

uX k

T −−
α

+=   x 1.8257 A0.8656       (21) 

 where F = 1-1/T , T is return period (in years). The values of parameters u, a and k are given in 
Eq. 19. 
 
 

Table- 2 

PERFORMANCE MEASURES 

Return Period STATISTIC-1 ( % ) STATISTIC-2 ( % )STATISTIC-3 ( Ratio )
T (years) --> 50 100 1000 50 100 1000 50 100 1000

SITE 1 -6.10 -7.97 -13.45 6.75 8.84 15.04 2.20 2.00 1.80 

SITE 2 -6.05 -7.85 -13.83 6.65 8.64 15.44 1.43 1.32 1.17 

SITE 3 -5.81 -7.58 -13.54 6.45 8.43 15.08 1.88 1.69 1.43 

SITE 4 -5.91 -7.74 -14.22 6.72 8.60 15.85 1.22 1.16 1.05 

SITE 5 -6.09 -7.95 -13.50 6.65 8.68 14.88 11.28 14.52 12.03

SITE 6 -5.99 -7.80 -13.49 6.56 8.57 15.01 2.78 2.51 2.20 

SITE 7 -5.79 -7.56 -13.86 6.45 8.41 15.48 4.06 3.72 3.02 

SITE 8 -5.88 -7.67 -14.28 6.51 8.48 15.65 1.45 1.32 1.09 

SITE 9 -5.97 -7.80 -13.35 6.55 8.57 14.73 1.02 0.91 0.78 

SITE 10 -5.99 -7.73 -14.18 6.60 8.60 15.65 4.45 4.09 3.32 

Average -5.96 -7.77 -13.77 6.59 8.58 15.28 3.18 3.32 2.79
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FIGURE 3 

VARIATION OF RMSE (%) OF AT-SITE AND REGIONAL ESTIMATES 
WITH RETURN PERIOD FOR VARIOUS SAMPLE SIZES 
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SUMMARY AND CONCLUSIONS 

 
The main objective of this study was to identify a regional frequency distribution for the study 
region and assess its performance. The L-moment ratio diagram was used for identifying the 
frequency distribution for the region since the L-moments provide comprehensive information 
about data characteristics including the presence of any inaccuracies or errors in the data. Based 
on the L-moment statistics of the discharge data of the region, the GEV distribution was 
identified as the underlying regional distribution.  The parameters of the regional frequency 
distribution were then determined using the method of PWM and L-moments. 
 
Regression analysis was used to establish a relationship between catchment area and mean 
annual flood discharge. A value of R2 = 0.913 and low MAPE value of 15.3 % showed that the 
catchment area is the single most relevant independent variable to be included in the 
development of regression model to predict mean annual flood. However, if more data were 
available about the other dominating physiograhic catchment characteristics of the gauged sites, 
the error in estimates is likely to reduce further and a more reliable estimate of flood quantile can 
be given, especially for the ungauged sites. 
 
The regional flood formula developed for the region was used to estimate the regional quantiles 
and the RMSE of estimate was determined. The results showed that the regional analysis is 
preferable to at-site estimation as it showed lesser RMSE for all sites The performance measure 
statistics also showed that regional analysis is an efficient method of quantile estimates. It is 
therefore concluded that the regional flood frequency analysis can be used to give reliable 
estimates by allowing a proper interaction between physical and statistical characteristics of the 
region. 
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During the past decade the field of environmental modeling has witnessed a dramatic 
increase with respect to the level of integration (across multiple environmental media and 
exposure) necessary to execute assessments of human and ecological exposure and risk.  As the 
degree of integration, and the associated level of complexity, has increased, Federal Agencies 
have realized that 1) they may not have the scientific expertise to cover the full scope of 
multimedia-based assessments, and 2) resource needs for model development have risen 
tremendously with the need for software that facilitates fully integrated modeling systems, GIS, 
distributed computing, and uncertainty analysis.   In response to this increase in demand for 
integrated assessments and the limitations associated with expertise and budget modeling groups 
from several Agencies have begun to collaborate.  Initial discussions included two or three 
agencies and focused on common needs for modeling science and technology.  As these 
discussions grew into small interagency projects more Agencies became aware of the efforts and 
expressed interest.  In the spring of 2000 a workshop was held to discuss the current status and 
needs of several Federal Agencies in the area of multimedia model development and application. 
 Central to this workshop were discussions concerning specific requirements for software-based 
modeling systems that would facilitate integrated environmental assessments.  Perhaps the most 
important outcome of the workshop was the consensus understanding of the significant overlap 
in each Agencies needs for environmental modeling.   It was abundantly clear that limitations 
with respect to expertise and funding could be effectively addressed if interagency collaboration 
could be established.  To this end a formal Memorandum of Understanding (MOU) among six 
Federal Agencies was prepared for Agency signatures.  The primary goal of the MOU is for 
participating Agencies to seek mutual benefit from their respective R&D programs related to 
multimedia environmental model development and enhancement activities, and to ensure 
effective exchange of information between their technical staff. 
 

This paper provides the full text of the MOU as signed by six Federal Agencies.  
Specifically addressed in the MOU are the 1) purpose, 2) statutory authorities that allow each 
Agency to participate, 3) Agency responsibilities, and 4) administrative elements.    
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 MEMORANDUM OF UNDERSTANDING  
 
 among  
 
 THE UNITED STATES NUCLEAR REGULATORY COMMISSION  
 OFFICE OF NUCLEAR REGULATORY RESEARCH 
 
 THE UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
 OFFICE OF RESEARCH AND DEVELOPMENT 
 NATIONAL EXPOSURE RESEARCH LABORATORY 
 
 THE UNITED STATES ARMY CORPS OF ENGINEERS 
 ENGINEER RESEARCH AND DEVELOPMENT CENTER 
 
 THE UNITED STATES DEPARTMENT OF ENERGY 
 OFFICE OF SCIENCE AND TECHNOLOGY 
 
 THE UNITED STATES DEPARTMENT OF THE INTERIOR 
 U.S. GEOLOGICAL SURVEY 
 
 THE UNITED STATES DEPARTMENT OF AGRICULTURE 
 AGRICULTURAL RESEARCH SERVICE 
 
1. Purpose 
 

a.  The purpose of this Memorandum of Understanding (MOU) is to establish a 
framework for facilitating cooperation and coordination among the United States Nuclear 
Regulatory Commission (NRC), Office of Nuclear Regulatory Research (RES); the United 
States Environmental Protection Agency (EPA), Office of Research and Development (ORD), 
National Exposure Research Laboratory; the United States Army Corps of Engineers (COE), 
Engineer Research and Development Center (ERDC); the United States Department of Energy 
(DOE), Office of Science and Technology; the United States Department of the Interior (DOI), 
U.S. Geological Survey (USGS); and the United States Department of Agriculture (USDA), 
Agricultural Research Service (ARS) in research and development (R&D) of multimedia 
environmental models, software and related databases, including development, enhancements, 
applications and assessments of site-specific, generic, and process-oriented multimedia 
environmental models as they pertain to human and environmental health risk assessment.  This 
MOU does not include agency work directly in support of licensing activities. 
 
            b.  This MOU is intended to provide a mechanism for the cooperating Federal Agencies 
to pursue a common technology in multimedia environmental modeling with a shared scientific 
basis. 
            c.  This MOU is intended to reduce redundancies and improve the common technology 



 
 3 

through exchange and comparisons of multimedia environmental models, software and related 
databases.  By entering into this MOU, the cooperating Federal Agencies seek mutual benefit 
from their respective R&D programs related to multimedia environmental model development 
and enhancement activities, and to ensure effective exchange of information between their 
technical staff and contractors.  The R&D programs referred to here include development and 
field applications of a wide variety of software modules, data processing tools, and uncertainty 
assessment approaches for understanding and predicting contaminant transport processes 
including the impact of chemical and non-chemical stressors on human and ecological health. 
 

d.  This MOU focuses on exchange of information related to multimedia environmental 
modeling tools and supporting scientific information for environmental risk assessments, 
protocols for establishing linkages between disparate databases and models, and development 
and use of a common model-data framework.     
 

e.  This MOU is intended to facilitate the establishment of working partnerships among 
the cooperating Federal Agencies’ technical staff and designated contractors in order to enhance 
productivity and mutual benefit through collaboration on mutually-defined research studies such 
as the  development of a common model-data framework.  
 
II. Authorities 
 

Nothing in this MOU will be construed to alter the statutory authorities and/or limitations 
of the cooperating Federal Agencies.  The authorities for NRC to enter into this MOU are the 
Section 205 of the Energy Reorganization Act of 1975 (42USC5845) and the Economy Act of 
1932 as amended (31USC1535).  The authorities for DOE to enter into this MOU are sections 
646(a) (42USC7256(a)) and 102(11) and (13) (42USC7112(11) and (13)) of the Department of 
Energy Organization Act of 1977.  USDA, ARS enters into this MOU under the authority of 7 
U.S.C. 3318 (b).  The legal authority for the other cooperating Federal Agencies to enter into this 
MOU is the Economy Act of 1932, as amended (31USC1535).  This MOU does not supersede or 
void existing memoranda of understanding or other agreements among the cooperating Federal 
Agencies.     
 
III. Responsibilities 
 

The cooperating Federal Agencies agree to: 
 

a.  Designate staff-level points of contact for the cooperating Federal Agencies.  For the 
NRC, the staff-level point of contact will be at NRC Headquarters, within the Radiation 
Protection, Environmental Risk and Waste Management Branch, Office of Nuclear Regulatory 
Research.  For EPA, the staff-level point of contact will be the Chief, Regulatory Support 
Branch, Ecosystems Research Division, National Exposure Research Laboratory.  For the COE, 
the staff-level point of contact will be the Chief, Water Quality and Contaminant Modeling 
Branch, Environmental Processes and Engineering Division, Environmental Laboratory.  For the 
DOE, the staff-level point of contact will be with the Office of Science and Technology or the 
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Office of Integration and Disposition.  For the USGS, the staff-level point of contact will be with 
the National Research Program, Branch of Regional Research, Central Region.  For the ARS, the 
staff-level point of contact will be the Associate Deputy Administrator, Natural Resources and 
Sustainable Agricultural Systems, National Program Staff, Beltsville, Maryland. 

The designated points of contact will promote technical coordination, identify joint R&D 
programs of mutual interest for the Federal Agencies and funding for such programs, and will 
assist in arranging for supplemental interagency agreements for R&D projects on multimedia 
environmental models, software and related databases at appropriate sites and laboratories. 

The designated points of contact also will facilitate the coordination and exchange of 
R&D data and technical information related to environmental risk assessment modeling among 
the cooperating Federal Agencies.  They will represent their individual agency’s R&D programs 
and facilities conducting R&D as it pertains to modeling of human and ecological health 
impacts. 

The designated points of contact will be responsible only for research activities and 
technical information exchanges identified in this MOU and not those directly in support of 
licensing activities. 

The cooperating Federal Agencies further agree that the designated points of contact will 
serve as members of a Steering Committee.  Alternates may be designated by the Federal 
Agencies to represent specific technical interests.  The purpose of this committee will be to 
coordinate joint research efforts under this MOU.  The committee will initially meet in the 
Washington, DC area within four months of the effective date of this MOU, and thereafter at 
least annually at various locations (or through teleconferencing) as determined by the Steering 
Committee members.  Participation in technical working groups established by the Steering 
Committee, and at technical meetings called by the Steering Committee, will be determined by 
the cooperating Federal Agencies. 
 
  b.  Cooperate in selected R&D programs of the other cooperating Federal Agencies by 
providing resources, information and technical expertise for review (outside of the conventional 
research peer review process) or consultation in areas of multimedia environmental model 
development, enhancements, applications, and assessments subject to program priorities and 
budget constraints. 
 

c.  Support the exchange of technical information through data bases, information 
systems, clearinghouses, conferences, workshops, activities for developing a common model-
data framework, collaboration on scientific projects supporting the modeling framework, and 
other means pertaining to multimedia model development, enhancements and applications 
focusing on environmental risk assessments, subject to program priorities and budget constraints. 
  
 

d.  Support approved research at selected sites by providing services, facilities, utilities 
and other supporting resources as appropriate and subject to program priorities and budget 
constraints.  Details of such support will be more specifically identified in supplemental 
interagency agreements (IAG’s) prepared in accordance with applicable laws and regulations, 
and subject to the availability of funds. 
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Specific IAG’s among the cooperating Federal Agencies will be developed pursuant to 
this MOU whenever appropriate to define specific undertakings.  Such IAG's may provide for 
cooperative projects, or other efforts deemed appropriate, subject to applicable laws and 
regulations pertaining to the respective agencies and the availability of funds.   

Details of support for specific cooperative work including funding, project plans, 
designation of cooperative work, and details of program management and execution will be 
contained in the IAG’s.  The cooperating Federal Agencies’ program officials will communicate 
directly with one another during the planning and execution of these IAG's.   
 
IV. Administration 
 

It is the policy of the cooperating Federal Agencies to make the results of the R&D work 
contemplated by this MOU available to the public consistent with applicable security and other 
regulations.   
 
           a.  Technology transfer:  The participating Federal Agencies will establish procedures for 
sharing multimedia environmental models, software, related databases and supporting scientific 
information with the other cooperating Federal Agencies.  Since the Federal Agencies have 
specific statutory patent policies regarding inventions funded in whole or in part by the Federal 
Government, the patent policies of the agency conducting the work shall apply to agreements 
executed between the parties to the MOU as well as to contracts they are under where such 
agreements or contracts are funded in whole or in part by the cooperating Federal Agencies.  The 
cooperating Federal Agencies shall resolve any conflicts in their patent polices on a case-by-case 
basis when they enter into implementing IAG’s.  In all other circumstances it is agreed that the 
governing patent and data policies will be determined in accordance with the policy of the 
sponsoring agency.  
 
           b.  Information release:  All data and information originating from these cooperative 
research studies will be published and made available to the public as authorized by law through 
the cooperating Federal Agencies' public information and publishing procedures.  This 
information and data will not be disseminated to anyone, except the cooperating Federal 
Agencies, until such time as it is made available to the public by the originating Federal Agency. 
 The parties will ensure that their contractors will disseminate such information in accordance 
with this agreement and the cooperating Federal Agencies' procedures.  

The cooperating Federal Agencies agree to share any press releases or other public affairs 
information related to joint efforts or projects for review and concurrence prior to release.   

c.  Financial policy:  It is recognized that the cooperating Federal Agencies have specific 
statutory requirements and limitations that dictate their financial policies.  Therefore, the 
cooperating Federal Agencies agree to consider and specifically to address the financial policies 
to be applied to each project under the authority of this MOU as a term of the individual IAG’s 
detailing each such R&D project.   
 

d.  Program funding:  Although this MOU is neither a fiscal nor a funds obligating 
document, each cooperating Federal Agency will seek to ensure sufficient funding to carry out 
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projects that are mutually agreed upon as a result of this MOU.  The details of the levels of 
funding to be furnished one agency by the others will be developed in specific IAG's.  The 
cooperating Federal Agencies will provide mutual support in budget justifications to the Office 
of Management and Budget and in hearings before Congress with respect to programs on which 
they collaborate.  The cooperating Federal Agencies agree that this MOU does not involve the 
exchange of funds, and further that any correlated IAG’s entered by two or more of the 
cooperating Agencies will be subject to the availability of funds appropriated by the Congress 
for such purposes.   
 

e.  Public information coordination:  Subject to the Freedom of Information Act 
(5USC552), decisions on disclosure of information to the public regarding projects and programs 
implemented under this MOU will be made following consultation among the cooperating 
Federal Agencies’ representatives.   
 

f.  Amendment and termination:  This MOU may be modified and amended by written 
agreement among the cooperating Federal Agencies or terminated by mutual written agreement 
of the Federal Agencies.  An individual agency may withdraw from the MOU upon 90-day 
written notice to the other agencies. 
 

g.  Quality assurance:  An important goal of the MOU and subsequent IAG’s is high- 
quality research and modeling products.  The cooperating Federal Agencies commit to following 
their established quality assurance (QA) and quality control (QC) procedures in the development 
and use of these research and modeling products.  Specific QA/QC issues will be resolved during 
the development of the specific IAG’s. 
 

h.  Effective date:  This MOU will become effective upon the date of signature of the last 
cooperating Federal Agency to execute the MOU and will continue in force for 5 years or until 
modified or terminated by mutual consent.   
 
                  /RA/                                                        February 5, 2001              
Ashok C. Thadani, Director         Date 
Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
 
 
                  /RA/                                                         March 27, 2001                
Henry L. Longest II, Senior Resource Official     Date 
Office of Research and Development 
U.S. Environmental Protection Agency 
 
 
                  /RA/                                                        April 24, 2001                   
James R. Houston, Ph.D., Director        Date 
Engineer Research and Development Center 
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U.S. Army Corps of Engineers 
 
 
                   /RA/                                                                 May 23, 2001                   
Gerald G. Boyd, Deputy Assistant Secretary     Date 
Office of Science and Technology 
U.S. Department of Energy 
 
                /RA/                                                                     May 1, 2001                     
Robert M. Hirsch, Ph.D., Associate Director for Water    Date 
U.S. Geological Survey 
Department of the Interior 
 
 
   /RA by Edward B. Knipling Acting For/                         July 5, 2001                    
Floyd P. Horn, Ph.D., Administrator        Date 
Agricultural Research Service 
U.S. Department of Agriculture 



SOFTWARE SYSTEM DESIGN AND IMPLEMENTATION FOR ENVIRONMENTAL 
MODELING : A MOU WORKING GROUP 

 
 
Presented by:  
 
Gerry Laniak, MOU Workgroup Chair 
Environmental Protection Agency 
Office of Research and Development 
National Exposure Research Laboratory 
Athens, Georgia 
 

A workgroup has been formed in conjunction with a formal Memorandum of Understanding 
(MOU) among seven Federal Agencies to pursue collaborative research in technical areas related to 
environmental modeling.  Among the primary objectives of the MOU are 1) to provide a mechanism for 
the cooperating Federal Agencies to pursue a common technology in multimedia environmental modeling 
with a shared scientific basis, 2) to reduce redundancies and improve the common technology through 
exchange and comparisons of multimedia environmental models, software and related databases, 3) to 
exchange information related to multimedia environmental modeling tools and supporting scientific 
information for environmental risk assessments, protocols for establishing linkages between disparate 
databases and models, and development and use of a common model-data framework, and 4) to facilitate 
the establishment of working partnerships among the cooperating Federal Agencies’ technical staff in 
order to enhance productivity and mutual benefit through collaboration on mutually-defined research 
studies.  In direct support of the goals of the MOU this workgroup has been formed with a specific focus 
of the computer software infrastructure necessary to support state-of-the-science environmental systems 
analyses.   

This paper provides the full text of the Phase 1 and Phase 2 research proposals forwarded by the 
working group to the Executive Committee of the MOU.  These plans describe, in some detail, the 
formation of the workgroup, it’s members, the mechanics of the collaborative relationship established to 
date, and the specific technical activities currently being pursued by the workgroup. 
 
 MOU - Cooperation on Research on Multimedia Environmental Models 
 
Working Group Proposal, Phase 2  
 
Working Group : Software System Design and Implementation for Environmental Modeling 
 
BACKGROUND:  
 

During the past decade environmental modeling has evolved from simulating media-specific fate 
and transport of chemicals and pathway-specific human exposure and risk to a full multi-media 
characterization of chemical release, fate, and transport and multi-pathway exposure and risk to both 
human and ecological receptors of concern.  This dramatic increase in model complexity has created a 
need to design and implement integrated software technologies capable of automating the modeling 
methods and assessment strategies that have resulted. Various Federal Agencies have initiated efforts to 
build such modeling technologies (e.g., FRAMES, MMS, DIAS, XMS, OMS and MIMS).    These 
emerging technologies involve the integration of large-scale databases, Geographical Information 
Systems (GIS), simulation models, and data analysis tools.  As Agency-specific efforts progressed during 
the past few years a number of factors have conspired to push Agencies toward increased collaboration.   
The most compelling factors include 1) scientific scope and complexity of assessments and 2) decreasing 



funding for research and development. 
 

In this context the Federal Agencies involved in this Memorandum of Understanding have 
formalized a relationship whose objective is to foster collaborative research and development in the area 
of environmental modeling.  Anticipated benefits of collaboration include resource leveraging (both 
technical expertise and budgets), elimination of redundant software/model development, enhanced 
technical credibility with respect to the development and application of environmental models, better 
consistency across Federal assessments, ease of comparison/benchmarking science 
models/databases/assessment strategies, and improved data management.  
 

Working groups with specific technical focus have been formed to facilitate collaboration.  
Environmental science-based workgroups will focus on model and database development and related 
assessment issues within a decision making context.  Technology-based workgroups will collaborate on 
the development of software for facilitating environmental systems modeling. 
 
THE SOFTWARE SYSTEM DESIGN AND IMPLEMENTATION FOR ENVIRONMENTAL 
MODELING WORKGROUP 
 

This workgroup is comprised of a complementary mix of software systems developers and 
environmental modelers.  The software developers bring together a significant and current expertise in 
computer science as it applies to the development of scientific software systems.  In addition, this group 
of developers have a deep interest in the environmental science contained within the models and 
databases.  Finally, this group of developers have demonstrated a high degree of communication skills 
and a strong appetite for collaboration.  
 

The environmental modelers within this workgroup bring together an experience-based 
knowledge of the need for and application of environmental modeling software across the Agencies.  
Environmental modeling applications represented within the group range from the assessment of human 
and ecological exposure/risk to chemical contamination, to landuse driven ecosystem/habitat impacts, to 
watershed hydrology.  Geographic scales range from site-specific to national.   

There is, as well, a high level of project management skills within the group.  These skills are 
very useful both in facilitating interagency collaboration and establishing a necessary relationship with 
higher management through which workgroup needs for executive support must be channeled.   
 
The following table lists the current members of the workgroup. 
 

 
 AGENCY 

 
SOFTWARE DEVELOPMENT 

 
 MODELERS 

 
Nuclear Regulatory 
Commission 

 
 

 
Ralph Cady 

 
Environmental Protection 
Agency 

 
Steve Fine 

 
Gerry Laniak 

 
Department of Energy 
(PNNL) 

 
Mitch Pelton, Kevin Dorow, 
Karl Castleton 

 
Gene Whelan 

 
Department of Energy 
(Argonne) 

 
Jayne Dolph, John Christiansen 

 
Pam Sydelko 

 
Department of Defense 

 
Cary Butler 

 
Mark Dortch, Jeff Holland 



(WES) 
 
Geological Survey 

 
Steve Markstrom 

 
 

 
Department of 
Agriculture/Agriculture 
Research Service 

 
Olaf David, Ken Rojas 

 
 

 
The workgroup has been formally meeting (via teleconference) for several months.  Initial 

discussions focused on establishing a shared expression of interests related to collaboration and a 
statement of commitment levels (i.e., percent of individuals time to be dedicated to MOU activities) from 
the workgroup participants.  The following is a summary of these discussions:  
 
Primary consensus interests include : 
 

• Maximize the productive use of time (avoid philosophical discussions, avoid paperwork, 
avoid issues not shared across agencies, etc.). 

• Focus on projects that have regular  pay offs, i.e., demonstrate solutions to common 
software needs/problems and facilitate the brainstorming/prototyping process. 

• Don’t “stop what we’re doing and change horses” so much as meld existing work and 
interests into collaborative efforts. 

• Use this mechanism to stay abreast of ongoing work across Agencies and learn from each 
others experiences. 

 
Other interests (not consensus) expressed include: 
 

• Facilitate the movement toward a common software infrastructure for environmental 
systems analysis. 

• Seize the opportunity to influence how software/frameworks will be designed and 
implemented across the agencies. 

• Be cognizant of and contribute to the larger picture, i.e., linking of the environmental 
systems analysis community. 

 
Commitment Levels 
 

No specific commitment levels from participants have been requested (it is simply too early in the 
MOU process to do so).  However, discussions with participants have yielded the following : 
 

• Some participants can see spending up to 20% of their time on collaborative efforts 
initiating in this work group. 

• ALL members say that the amount of time they will spend will be determined by how 
productive the group is.   

• It is agreed (in principle) that all participants will contribute to and utilize the software 
products that are produced under the MOU.  Contributions may range from leading the 
effort to providing peer review/testing of finished products.  Utilization implies that the 
products will be assimilated into each Agency’s ongoing software development for 
environmental modeling.   

 
Subsequent discussions within the workgroup centered around listing and selecting specific 

activities to be pursued.  The following section describes the results of these discussions. 



 
TECHNICAL FOCUS OF WORKGROUP 
 

The focus of this workgroup is the computer software infrastructure necessary to support state-of-
the-science environmental systems analyses.  It is important to differentiate the software infrastructure 
from the science-based environmental modeling components contained therein.  The infrastructure 
represents a set of software development standards and tools that facilitate the development and 
application of environmental models.  It specifically does not include or address the science embedded 
within the models and associated databases.  The infrastructure is important at three levels; the standards 
level, the component level and the integrated environmental assessment level.  Software development 
standards, in this context, define requirements and protocols for designing and implementing software 
such that it can execute within a larger system in coordination with other, complementary, modeling 
software.  The standards are applied at the component and integrated analysis levels.  The second level of 
infrastructure includes software components for managing data access, transfer, and analysis.  These 
components facilitate the integrated use of the science-based models and databases included in the 
modeling system. The third level relates to the automated organization and execution of collections of 
modeling components for the purpose of performing integrated assessments in support of environmental 
research and organizational decision making.   
 

After considerable discussion (beginning at the March2000 Workshop) this workgroup has 
concluded that its efforts should focus on the first and second levels of infrastructure, that is, the 
establishment of environmental software development standards and for the development of individual 
components that complement the science-based models and databases.  The configuration of modeling 
components into integrated assessment strategies (i.e., the third level of infrastructure), while inviting, 
would require a level of inter-Agency understanding of policy and science perspective, collaboration, and 
consensus beyond what can be reasonably anticipated in the near future.  The types of models and 
modeling-based assessments occurring across the multi-Agency landscape is considered (at least at this 
time) far too broad to contain within in a single comprehensive modeling system.    
 

Thus, the specific goal of this workgroup is to collaborate in the establishment of 
software development standards and infrastructure components for environmental modeling 
systems.  
 

What then are the development standards and components of an infrastructure and how will this 
workgroup proceed with their collaborative development?  During the March2000 Workshop a list of 
functional attributes associated with environmental modeling systems that collectively satisfy the needs of 
participating Agencies was drafted.  Table 1 lists a summary of the attribute categories (for full 
descriptions of the attributes refer to the March2000 Workshop Report).  These attributes reflect both 
science modeling functionality as well as desired software/hardware characteristics.  In reviewing these 
attributes from the perspective of the focus of this workgroup the following list of infrastructure elements 
was developed.   
 

• data representation and exchange (level 1/2, standards and software components) 
• component execution management (level 1/2, standards and software 

components) 
• graphical user interfaces (level 2, software components) 
• GIS functionality (level 2, software components) 
• database access and connectivity (level 1/2, standards and software components) 
• data analysis (level 1/2, standards and software components)  
• system security (level 2, software components) 



• quality assurance, including software testing (level 1/2, standards and software 
components) 

• problem conceptualization and solution strategy development, e.g., conceptual 
site models, uncertainty analysis, assessment strategies (level 3, software 
components) 

• modeling results reporting (level 2, software components) 
 

From this list, four items have been selected for workgroup activities over the next two years.  
Selection was based primarily on the fact that each of the selected activities is a current focus of 
significant resources at one or more of the participating Agencies and it represents a core capability of 
environmental modeling systems.  The four activity areas and a statement of the related objective/product 
development goal are listed below.  Also included is a “lead” group.  The lead group will act as a 
facilitator of the collaborative effort; i.e.,  guide technical discussions, document conclusions, and guide 
product development. 
 
1. GIS Linkages (USDA-ARS/USGS) 
 

Geographic Information Systems allow for the generation and manipulation of numerous data that 
is fundamental to environmental modeling.   In this effort it is not desired to integrate full GIS into the 
modeling systems but rather to facilitate access to and manipulation of GIS-based information.  The 
information may flow from GIS to the modeling system and from the modeling system (e.g., simulation 
results) to the GIS.  The tools that facilitate these linkage should have the attributes of extensibility, 
platform independence, efficient, conform to emerging GIS standards, and be open source (i.e., free and 
shareable).  The idea is to develop a library of GIS functionality for direct linkage calls to modeling 
software.   
 
 
Objective :  To establish software tools for interfacing Geographic Information Systems (GIS) and 

environmental modeling systems.  
 
2. Execution Management (DoE-Argonne) 
 

As modeling components are collected together for the purpose of conducting an environmental 
assessment it is necessary to coordinate their execution.  This may involve relatively straight forward 
sequential execution of modeling components on a single platform to more complex inter-component 
interactions requiring feedback, results oriented execution trees, and distributing execution across 
platforms.   
 
Objective :  To develop a shared execution management protocol and related software tools.  
 
3. Data Representation and Interchange (EPA-ORD) 
 

Models, data sets, and data analysis tools share many types of environmental information (e.g., 
water temperatures, chemical concentrations, fish populations), many organizations of that information 
(e.g., time series at a point, polygonal coverage, regular grid), and several operations on data (e.g., read, 
write, subset, interpolate). Unfortunately, almost every family of models has its own subroutines for 
accessing data, formats for storing data, transformation tools, and metadata for describing the data.  This 
makes it difficult to interchange or share models and use new data sets, which currently often require 
translation of data or metadata or modification of models or data analysis tools.  If models and related 
tools used common approaches for representing and accessing data, then it would be much easier to share 



and interchange models and data sets. This common approach might include a standard for metadata, a 
standard set of data structures (e.g., time series, grid, coverage), and a software library to operate on the 
data and metadata.  
 
Objective :  To develop a standard and set of tools (e.g., API) for data exchange between modeling 

components (databases –> framework system, model –> model, database –> model, 
model –> visualization tool, etc.).   

 
4. Database Connectivity Tools (DoE-PNNL) 
 

It is highly desirable to integrate data from disparate remote sources into a multimedia modeling 
environment.  To accomplish this task, a data integration framework needs to be established.  A key 
element in this framework is the metadata that creates the relationship between the pieces of information 
that are important in the multimedia modeling environment and the information that is stored in the 
remote data source.  The design philosophy is to allow modelers and database owners to collaborate by 
defining this metadata in such a way that allows for interaction between their components. 
 
Objective :  To develop a standard and set of tools for accessing, extracting, organizing, and 

presenting (to the receiving modeling system) data contained in “large scale” databases. 
 

In addition to these specific development efforts the workgroup will interact with other 
workgroups in an effort to share technology and stay informed of emerging infrastructure requirements. 
 
TECHNICAL APPROACH TO COLLABORATION AND SOFTWARE PRODUCT 
DEVELOPMENT 
 

As stated above the goal of this effort is “to collaborate in the establishment of software 
development standards and infrastructure components for environmental modeling systems”.   This goal 
is complicated by the fact that there are no less than six existing modeling systems across the participating 
Agencies (FRAMES, MMS, DIAS, XMS, OMS and MIMS), each modeling system with its own 
infrastructure, including software for the four activity areas discussed in this plan.  With the decision not 
to pursue a comprehensive “unification” of existing modeling systems the question is “What is the 
endpoint of the collaborative efforts and what are the steps to achieving them?”.   
 

The ideal endpoint is to achieve a consensus across Agencies concerning the specific software 
development standards and to produce infrastructure components that are fully integrated into each 
Agency’s modeling system(s).    With respect to the four activity areas selected for collaboration the ideal 
endpoint would be a single standard for data representation and exchange, database access, and execution 
management.  Additionally, it would mean that a single API (applications programming interface), 
execution manager, and a single set of GIS and database access tools, would be adopted and integrated 
directly into each Agency’s existing system.  Whether this ideal endpoint is achievable is simply not 
known at this time.  Thus, the ideal will be viewed as a beacon that points the direction for the 
collaborative efforts.  The combination of collective will and everyday constraints (e.g., budgets, Agency 
commitments, security) will be left to determine how far we go.   
 

Given this perspective an achievable endpoint can be stated to be a shared implementation of the 
four core components described above.  A shared implementation implies that participating Agencies will 
share fully functional software-based access to a common set of software representing the four core 
components.  This endpoint can be achieved with one software package that is adopted by all Agencies 
(ideal endpoint) or several software packages existing at various Agency’s and made available, via 



specific linkage software, to all other Agencies.  Given this perspective the following specific steps will 
be pursued. 
 

1) Understand each Agencies current standard/software component (in the four selected areas) 
• present standards and demonstrate existing Agency software  
• critically review standards/software from “home Agency” perspective 
• develop and document comprehensive set of requirements and the degree to 

which existing standards and software packages achieve them 
 

2) Explore options for achieving a shared implementation of requirements 
• inter-connectivity among existing modeling systems 
• universal adoption of a single standard/component 
• inter-connectivity for existing software, adoption of consensus standard for new 

software 
 

3) Select and implement option(s) 
• using “open source” philosophy and tools 

 
These steps will be facilitated through a process of collaborative interchange involving 

teleconferences, net meetings, and periodic “all-hands” workshops.  Each Agency will communicate and 
demonstrate their existing (or proposed) standard and/or software component.  Developers and modelers 
from other Agency groups will critically review the software for use in their Agency program.  Items such 
as unmet requirements, design considerations for efficiency, implementation issues affecting software 
reusability and extensibility, in short, issues that must be considered before the standard/software 
component could be adopted by other groups must be processed.  The lead group is responsible for 
moving toward and documenting a consensus set of requirements, an ideal standard/component design, 
and coordinating whatever implementation option is selected. 
 

An important consideration, in both the short and long term, is a process for facilitating 
collaborative software development.  To maximize access to resources (i.e., software engineering skills) 
this workgroup will follow the “open source” development concept that facilitates the participation of 
multiple and diverse development groups.  In the longer term this will also enhance participation from 
outside groups as well (e.g., using the DB access tools outside developers would begin linking new DBs 
into the system, or using the API outside developers may build data analysis/visualization tools, in all 
cases these products would be available to the community). 
 
SCHEDULE and PRODUCTS 
 

The activities and related steps to completion as outlined above will occur during the next two 
years (2002/2003).  At the end of the two years it is expected that, at a minimum, a shared implementation 
of the four core components described above will have been completed. The first year will be dedicated to 
understanding each Agency’s current implementation related to the core areas and exploring options for 
arriving at a “shared” implementation.  At the end of the first year documents (perhaps in the form of 
journal articles, conference presentations, or a multi-Agency report) will be prepared that describe the 
results of first year efforts.   
 

While the MOU is planned for five years (beginning in the Fall of 2001) this plan intentionally 
covers only the first two years of activities.  Software development, under ideal conditions, is difficult to 
schedule.  Given the complications associated with this effort (e.g., multiple development groups 
representing different Federal Agencies, located across the US, never having worked together before, 



moving from autonomous development to shared development, etc., etc.) it is simply not possible to 
speculate further into the future than the initial efforts described above.  It is anticipated that as the work 
proposed here gets underway and progresses toward completion a clear plan for subsequent work will 
take form. 
 

Workgroup interactions to date have been via teleconference on a monthly basis.  Interactions 
will necessarily increase as the proposed activities move forward.  The plan for the near future is to 
establish a “net meeting” capability for the purposes of demonstrating the selected infrastructure 
components and discussing related cross-Agency issues.  Unresolved issues will be collected and become 
the focus of workshops where all workgroup members will convene for the purpose of making final 
decisions concerning unresolved issues.  These workshops are anticipated to be at least annual and 
scheduled to coincide with other meetings (e.g., conferences) attended by workgroup members. 
 
 
RESOURCE REQUIREMENTS 
  

To bring the products to completion the following list of support and resource needs have been 
developed.  As the activities and projects proceed a more definitive list will be presented. 
 

• Logistics and travel funds for semi-annual meetings. 
• Establishment of and funding for an internet-based “net meeting” capability. 
• Recognition by Agency managers that these efforts will require that their software 

developers and project managers dedicate specific time to these activities that will 
necessarily decrease, in the short run, their “apparent” Agency-specific productivity. 

• Recognition by Agency managers that resources may be required to facilitate the planned 
demonstration and critical review of core components as they come on-line.  At the 
present time it is assumed that the workgroup participants will conduct this work and thus 
time and not funding will be the required resource.  However, it is possible that to 
adequately review software packages in the context of satisfying intra-Agency needs it 
will be necessary to engage additional developers and project managers.  In this event 
funding will be necessary.  As these needs arise higher level management will be 
informed and specific requests presented. 

 
 
WEB REFERENCES FOR WORKGROUP SOFTWARE 
 
  The following web sites contain information related to ongoing software development activities at 
the participating Agencies. 
 
US Army Corps of Engineers 
 
ARAMS (Army Risk Assessment Modeling System) http://www.wes.army.mil/el/arams/arams.html 
 
GMS/SMS/WMS (Groundwater : SurfaceWater : Watershed Modeling System)  
http://chl.wes.army.mil/software 
 
US Environmental Protection Agency 
 
FRAMES 3MRA (Framework for Risk Analysis in Multi-media Environmental Systems : Multi-media, 
Multi-pathway, Multi-receptor Risk Assessment) 

http://chl.erdc.usace.army.mil/


 
http://www.epa.gov/epaoswer/hazwaste/id/hwirwste/risk.htm 
 
MIMS (Multi-media Integrated Modeling System)  http://www.epa.gov/asmdnerl/mims/index.html 
 
US Department of Energy 
 
FRAMES (Framework for Risk Analysis in Multi-media Environmental Systems) 
http://mepas.pnl.gov:2080/earth/   
 
DIAS (Dynamic Information Architecture System( http://www.dis.anl.gov/DIAS/ 
 
US Department of Agriculture / Agriculture Research Service 
 
OMS (Object Modeling System) http://oms.gpsr.colostate.edu/oms_index.jsp?doc=home.t.html 
 
US Geological Survey 
 
MMS (Modular Modeling System) http://wwwbrr.cr.usgs.gov/mms/ 
 
 
 
 
 
 
 
 

http://www.epa.gov/AMD/Multimedia/MIMS/mims.pdf


 
Table 1.  Modeling System Attributes from March2000 Workshop Discussions 
 

 
Attribute Grouping 

 
1.  Communication Protocol Between System, Models, and Databases 
 
2.  Data-Transfer Compatibility 
 
3.  Plug & Play and Intra-System Security Features 
 
4.  Legacy Codes 
 
5.  WEB-Based Connections 
 
6.  Hardware Compatibility 
 
7.  Software Compatibility 
 
8.  System User-Friendly Interface 
 
9.  Component Ownership 
 
10.  Feedback Between Models 
 
11.  Begin Assessment at Multiple Logical Entry Points 
 
12.  Linkage to Other Frameworks 
 
13.  Communication Between Models of Differing Scale and Resolution 
 
14.  Functionality of Modules in System 
 
15.  GIS Connectivity 
 
16.  Visualization and Tabular Summation of Results 
 
17.  Testable Components 
 
18.  On-Line Help 
 
19.  Mass Conservation 

 



APPENDIX : Phase I Plan 
 
 MOU - Cooperation on Research on Multimedia Environmental Models  
 
 WORKING GROUP PROPOSAL, Phase 1 
 
 
Originator: Gerry Laniak, U.S. EPA 

Tel:  (706) 355-8316 
Fax: (706) 355-8302 
e-mail: laniak.gerry@epa.gov 

 
Gerry Laniak 
USEPA National Exposure Research Laboratory/ORD 
Ecosystems Research Division 
960 College Station Road 
Athens, GA 30605-2720 

 
Topic:  Software System Design and Implementation for Environmental Modeling 
 
Background: During the past decade environmental modeling has evolved from simulating 

media-specific fate and transport of chemicals and pathway-specific human 
exposure and risk to a full multi-media characterization of chemical release, fate, 
and transport and multi-pathway exposure and risk to both human and ecological 
receptors of concern.  This dramatic increase in model complexity has created a 
need to design and implement integrated software technologies capable of 
automating the modeling methods and assessment strategies that have resulted. 
 These emerging technologies involve the integration of large-scale databases, 
Geographical Information Systems (GIS), simulation models, and data analysis 
tools.  From both the science and technology perspective this increase in 
complexity has demanded that the modeling communities collaborate across 
medium boundaries in order to develop appropriate models and technologies.  
Various Federal Agencies have initiated efforts to design and build such systems 
(a few examples are FRAMES, 3MRA, ARAMS, MMS and MIMS).  While some  
of the technologies are evolving in parallel, others technologies with different 
strengths are evolving along different directions.  There may be opportunities 
within this MOU to enhance the collective benefit by both developing for 
consistency and interoperability and borrowing from the strengths of other 
emerging technologies. 

 
Objective: The objective of this workgroup is to continue and enhance an existing informal 

collaboration of federal agencies examining ways to harmonize evolving 
environmental modeling systems.  One of the fundamental ways in which the 
informal collaboration is evolving is in the design and implementation of software 
system frameworks that house the various components of a fully multi-media, 
multi-pathway modeling system.   We hope to increase participation in the 
collaboration to benefit collectively from the experience, expertise and products 
of groups developing environmental modeling systems. 

 
Outcome: During the initial activities of the existing informal collaboration, it has become 

clear that there are significant benefits to be realized if these systems 



development efforts were to be executed collaboratively.  These benefits include 
the elimination of redundant software/model development that would allow 
Agencies to focus more on the unique aspects of their environmental problems.  
This slight shift in emphasis combined with collaborative development will enable 
agencies to benefit from the scientific advances and model development of other 
agencies.  An additional benefit of collaborative development is the potential for 
adoption of consistent approaches to resolve a variety of issues in multi-media 
multi-pathway modeling.  

 
Activities: A particularly promising area of collaboration is the design and specification of 

extensible schema for the exchange of data and results between multi-media, 
multi-pathway modeling components.   Components and frameworks developed 
or enhanced to support these schema would more easily support component or 
framework interoperability, thus enabling sharing of components or frameworks 
among Agencies.  Additional areas in system software design and 
implementation that may benefit from collaboration are:  
• GIS linkage 
• conceptual modeling tools 
• visualization tools 
• flexible database connectivity 
• component software testing and quality assurance 
• framework testing and quality assurance 
• uncertainty analysis tools 
• analysis reporting tools 

 
These and other activities in this general area will be discussed by participants at 
the organizing meeting of this working group, and developed as proposed 
activities for the phase 2 plan. 

 
Products: Once proposed activities have been selected by the working group, the activities 

and anticipated products of the activities will be summarized in the phase 2 plan 
for consideration by the steering group. 

 
Plan:  Develop a phase 2 plan that incorporates specific prioritized activities and 

products of the working group and identifies participants and anticipated 
resources.  The phase 2 plan will be developed by the working group participants 
at a meeting to be held in late FY01, and submitted to the Steering Committee in 
early FY02. 

 
Participants: Gerry Laniak, EPA, Chair, 

Mark Dortch, WES, 
Ralph Cady, NRC, 
and other MOU participant volunteers. 

 
Resources: The level of effort for preparing, reviewing and submitting the phase 2 plan is 

estimated at 5 staff weeks. As part of the phase 2 plan, an estimated level of 
effort and general schedule will be provided for each proposed activity. 

 
QA/QC: To be addressed specifically for each proposed activity in the phase 2 plan. 
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Abstract:  An important issue facing the application of multi-media environmental models 
(MMEMs) is the inherent uncertainty associated with their conceptual/mathematical model(s) 
and parameterization.  Since many MMEM applications involve an assessment of risk to the 
public health and/or environment, the use of uncertainty and risk analysis techniques and 
methods would enhance the insights and predictions derived from these models.  A working 
group to examine uncertainty and risk analysis has been created under a Federal Interagency 
Memorandum of Understanding (MOU) on MMEMs. The purpose of this MOU is to facilitate 
cooperative research on MMEMs. Objectives of the working group include coordination of 
ongoing and anticipated new research on assessing uncertainty in the predictions of MMEMs, 
development of a common understanding of various ways to address uncertainty, and the 
identification, evaluation, and comparison of tools for assessing uncertainty and risk related to 
MMEM applications.   
 

 
INTRODUCTION 

 
A Memorandum of Understanding (MOU) has been established among eight United States 
Federal Agencies for the purpose of facilitating cooperation and coordination in the research and 
development (R&D) of multimedia environmental models. The MOU is intended to (1) provide a 
mechanism for the cooperating Federal Agencies to pursue a common technology in multimedia 
environmental modeling with a shared scientific basis; (2) reduce redundancies and improve 
common technology through exchange and comparisons of multimedia environmental models, 
software and related databases; and (3) facilitate the establishment of working partnerships 
among the cooperating Federal Agencies’ technical staff and designated contractors in order to 
enhance productivity and mutual benefit through collaboration on mutually-defined research 
studies such as the  development of a common model-data framework.  
 
The working partnerships are established as formal working groups under the MOU. A working 
group is initiated by submitting a Phase I proposal to the MOU Steering Committee. The Phase I 
proposal is a brief statement of the purpose, goals, and objectives of the working group. Upon 
approval of the Phase I proposal, a more detailed Phase II proposal is prepared and submitted to 
the MOU Steering Committee. Approval of the Phase II proposal formally establishes the 
working group.  



 Working Group Proposal, Phase 2 
 
A working group on Uncertainty Analysis and Parameter Estimation has been established under 
the MOU. The objectives of the working group include coordination of ongoing and anticipated 
new research on assessing uncertainty in the predictions of MMEMs, development of a common 
understanding of various ways to address uncertainty, and identification, evaluation, and 
comparison of tools for assessing uncertainty and risk related to MMEM applications.  The 
approved Phase II proposal for the working group is provided below. 
 

UNCERTAINTY ANALYSIS AND PARAMETER ESTIMATION - PHASE II 
PROPOSAL 

 
 
Background: 

           
An important technical issue facing the application of multimedia environmental models 
(MMEMs) is the inherent uncertainty associated with their conceptual/mathematical model(s) 
and their parameter input estimates.  Since many MMEMs applications involve an assessment of 
risk to the public health and/or environment, the use of uncertainty analysis techniques coupled 
to more robust parameter estimation methods would greatly enhance the insights and predictions 
derived from these models.  Decisions involved in selecting and applying these uncertainty 
methods support the need for (1) a priori strategy which would systematically identify the 
various sources of uncertainty [e.g., lack of knowledge, natural variability, measurement or 
sampling error, randomness in “real-time” processes (Kundzewicz, 1995)], and (2) a posteriori 
strategy for comparing relative uncertainty estimates  (e.g., conditional uncertainty  measures or 
ranking of uncertainties).  Therefore, the establishment of a working group to examine 
uncertainty analysis and parameter estimation techniques could greatly assist many of the MOU 
participating organizations facing these problematic issues.  Many of the MOU participating 
agencies, notably the USGS, ARS, USNRC, and EPA, are currently funding research studies 
related to this topic.  Individually, these agencies also fund field studies, modeling assessments 
and training courses related to MMEMs.  Long-term support of a working group in this area 
would facilitate development of a common understanding and technical framework to address 
the issues of uncertainty and parameter estimation in the application of MMEMs, and 
coordination of related Federally-funded research studies.   

 
Objectives:  
 
. To coordinate ongoing and anticipated new research that focuses on parameter estimation 

methods, and uncertainty assessment strategies and techniques that  support MMEMs.  In 
pursing this general objective, the following specific technical objectives are proposed: 

• To develop a common understanding of the sources of uncertainty, and various ways to 
address uncertainty (e.g., strategies and methods for quantifying). 

 
• To identify, evaluate, and compare, both strategies and tools presently available for 

assessing uncertainty which may be useful for MMEMs applications. 
 



 
• To develop, as needed, parameter estimation methodologies for use with available digital 

databases (e.g., available GIS-based datasets on the watershed scale). 
 

• To establish the degree of applicability of existing and newly developed parameter 
estimation techniques to all MMEMs, and where necessary, propose recommendations 
for enhancing their general utility. 

 
• To assess, and where appropriate, test newly-developed techniques (e.g.,  the UCODE 

and PEST codes; MOCOM code developed at the University of Arizona; and the GLUE 
procedure designed at the University of Lancaster, UK) for parameter estimation and 
uncertainty analysis of MMEMs. 

 
• To facilitate exchange of newly-developed and tested parameter estimation, and 

uncertainty assessment strategies and methods, and to advance the knowledge in these 
fields by convening and conducting technical workshops, special sessions at professional 
meetings (e.g., AGU meetings), and training courses (e.g., USGS training facility at 
Lakewood, CO and USNRC Professional Development Center in Rockville, MD). 

 
• To develop methods to better communicate uncertainty estimates to decision makers such 

as improved visualization techniques and decision-support system approaches.   
 
   
Outcomes:  A consistent and systematic basis for identifying and estimating uncertainty using 

tested methodologies, and improved (i.e., more robust ) methods for estimating 
model parameters and boundary conditions (e.g., fluxes).  These methodologies 
would include both strategies, and “tool boxes” of new methods and techniques for 
determining confidence limits on MMEMS results.  Strategies would include those 
presently under development and testing for hydrologic conceptual/mathematical 
model and parameter uncertainty.  Tools would include both uncertainty assessment 
techniques, and sensitivity analysis and visualization methods. Techniques would be 
generally applicable to a wide range of field application problems and MMEMs.  
Communicating uncertainty estimates to decision makers would utilize these 
techniques. 

 
Activities: A number of activities are proposed for the working group over the 5-year lifespan 

of the MOU. 
 

• Coordinate ongoing research studies in parameter estimation and uncertainty assessment 
using monthly working group teleconferences, e-mail correspondence, sharing of Web 
sites and updates on technical workshops, training courses, field studies, and code 
developments both within and outside of the working group purview .  (To conserve 
travel funds, the working group will only meet at working-group-sponsored training 
courses, special sessions at professional meeting, and workshops.) 

 



 
• Develop a summary of the uncertainty analysis and parameter estimation methods 

currently being used in the scientific modeling community. This summary would be 
tabularized and published on the MOU web site. 

 
• Explore the development of comprehensive data sets in selected climatic and 

physiographic regions for model development and testing. Initial focus would be on the 
development of data sets representative of a humid site and an arid site. The development 
of synthetic data sets will also be examined. 

 
• Review and assess strategies being developed and explore the possibility for peer review 

of uncertainty estimation strategies by working group members and collaborators.  
 

• In conjunction with the Framework Working Group on “Software System Design and 
Implementation for Environmental Modeling,” examine the linking of multiple models 
which may perpetrate cascading errors through the MMEMs thus contributing to the 
complexity of uncertainty assessments.  (Although methods to address this issue are 
limited, some MOU participants have begun to address these cascading error and 
associated complexity issues in their modeling activities). 

 
• Establish a working relationship with the Framework Working Group to facilitate the 

design and development of a generic “tool box” of uncertainty analysis, sensitivity 
analysis, and parameter estimation tools for use in the modeling frameworks being 
developed by MOU participants. 

 
• Participate in the American Geophysical Union (AGU) 2002 Spring Meeting session 

“H07 Uncertainty Assessments for Environmental Modeling in the Unsaturated Zone” 
being convened by USNRC, DOE, and EPA to be held in Washington, DC, May 28-31, 
2002. 

 
• Host a special session on uncertainty analysis and parameter estimation at the 2nd 

Federal Interagency Modeling Conference to be held in Las Vegas, NV, July 28 - Aug 1, 
2002. 

 
• Enhance ongoing research studies that address parameter estimation and uncertainty 

assessments through coordination with working group members, and develop specific 
proposals to enhance existing parameter estimation methods and uncertainty techniques 
suitable for use in advanced decision support models (see Attachment from ARS for a 
specific proposal example). 

 
Products: Products will include documentation of the aforementioned activities, preferably on 

the MOU Web site, and jointly coordinated strategies, methods and “tools”: 
 

• A directory, in tabular form, of existing Federal and non-Federal programs to include 
reports and related Web sites relating to parameter estimation and uncertainty 
assessments relevant to MMEMs.  This directory will be posted and maintained on the 
MOU Web site. 



 
 

• A “tool box” of selected uncertainty analysis, sensitivity analysis, and parameter 
estimation methods will be developed for general application to a variety of multi-media 
environmental models.  The “tool box” will be developed in collaboration with the  
Framework Working Group. 

 
• Professional papers on the issues of uncertainty analysis and parameter estimation to be 

published in the technical proceedings report such as the Proceedings of the 2nd Federal 
Interagency Modeling Conference. 

 
• Technical presentations and published abstracts for working-group-sponsored special 

sessions such as the upcoming AGU 2002 Spring Meeting. 
 

• Published technical reports on development and testing of parameter estimation and uncertainty assessment 
strategies such as the USNRC supported research on parameter uncertainty at Pacific Northwest National 
Laboratory, and hydrogeologic conceptual/mathematical model uncertainty at the University of Arizona. 

 
Resources: 

 
USGS: 

 
 The USGS is collaborating with the ARS and the NRCS to integrate the USGS Modular 

Modeling System (MMS) with the ARS supported Object Modeling System (OMS) being 
developed by Dr. Olaf David from the Friedrich Schiller University, Jena, Germany.  A part of 
this integration is the development of a set of uncertainty analysis and parameter estimation tools 
that can be used with any model developed within the OMS/MMS framework.  These tools are 
also being developed collaboratively with the NSF funded “Sustainability of Semi-Arid 
Hydrology and Riparian Areas (SAHRA)” program at the University of Arizona and the 
Modeling research group at the University of Lancaster, UK.  Personnel and financial resources 
among the collaborators are committed to this effort over the next 2-4 years. Documentation on 
the methods being developed will be provided for incorporation in the directory of 
methodologies being developed. The USGS is also a program chair for the 2nd Federal Inter-
agency Modeling Conference and will provide the resources necessary to support the proposed 
special session on uncertainty analysis and parameter estimation. 

 
Efforts to evaluate model uncertainty are pursued routinely in the USGS using traditional 
sensitivity analysis. Such analyses, however, only quantify uncertainty in a limited way.  More 
useful methods are being developed both outside and within the USGS.  The efforts within the 
USGS are diverse and this brief description cannot include all efforts, but a few highlights are 
provided. Richard L. Cooley (recently retired from the USGS) is considering expanded 
inferential statistical methods to quantify uncertainty in models of systems that are nonlinear in 
the parameters, as are most environmental systems of interest. 

 
Reducing and quantifying uncertainty depends on the approaches taken and methods used over 
the entire model development process, which motivated Mary C. Hill (USGS) to develop a set of 
"Methods and Guidelines for Effective Model Calibration, USGS Water-Resources Investigation 



 
Report 98-4005" (Hill, 1998) (to view or download the report please go to the following Web 
site: <http://wwwbrr.cr.usgs.gov/projects/GW_Subsurf/mchill/pubs/method/ 
index.shtml>). These methods and guidelines have been applied to evaluate many field sites.  
Also, Mary C. Hill, in collaboration with Claire R. Tiedeman and D. Matthew Ely (Tiedeman 
and others, 2001;Hill and others, 2000), developed methods based on inferential statistics to 
evaluate the importance of observations and parameters in the context of predictions of interest. 
These methods can be used to plan future data collection and model calibration efforts to obtain 
additional observations, such as hydraulic heads, streamflow gains and losses, and concentrations 
from tracer tests, and to obtain additional information about other aspects of the 
conceptual/mathematical system, such as hydrogeologic framework, hydraulic conductivities, 
and recharge distribution. Monte Carlo efforts have been considered by J. J. Starn of the USGS’s 
Connecticut District to investigate probable contributing recharge areas to wells, however, as 
related to ground-water systems, Monte Carlo methods have not generally been well developed 
or used extensively within the USGS. 

 

USNRC: 
 

The USNRC is funding work at the University of Arizona (UAZ) on hydrogeologic 
conceptual/mathematical uncertainty.  The UAZ investigators have developed “A 
Comprehensive Strategy of Hydrogeologic Modeling and Uncertainty Analysis for Nuclear 
Facilities and Sites” which has been shared with the Federal working group participants, and was 
presented at USNRC headquarters in August 2001.  This work will be completed in Fall 2002.  
The UAZ final research results including field application testing will be present to the working 
group on August 1-2, 2002 at NRC headquarters.  Information on the UAZ related monitoring 
study with field datasets can be found at their Web site: http://ag.arizona.edu/NRC/nrc.html.  A 
companion study at Pacific Northwest National Laboratory (PNNL) is developing a parallel 
methodology on parameter uncertainty.  To date PNNL researchers have produced two reports 
(Meyer and Gee, 1999; and Meyer and Taira, 2001).  Details on the PNNL study objectives, 
publications, test case problems and tools developed can be download at their Web site: 
http://nrc-hydro-uncert.pnl.gov/code.htm which is entitled “Hydrologic Evaluation and 
Uncertainty Assessment: Research Sponsored by the U.S. Nuclear Regulatory Commission.”  
The USNRC researchers are planning to incorporate new studies on uncertainty into their 
research program as described in their recently released “Radionuclide Transport in the 
Environment.“  

EPA: 
 
EPA is developing uncertainty and sensitivity assessment methods for the Multimedia, 
Multipathway, Multireceptor Risk (3MRA) Assessment model.  3MRA is an important software 
code being used by EPA's Office of Solid Waste for risk assessments of RCRA sites.  3MRA is a 
forward-calculating analysis that evaluates the multiple exposure pathway risks to human and 
ecological receptors.  A forward-calculating analysis starts with a chemical concentration in a 
waste management unit, estimates the release and transport of the chemical in various 
environmental media, and predicts the exposure and risk that result from those concentrations.  
Comprised of 25 individual software components representing 17 source-term and 



 
media/pathway/receptor modules, 3MRA represents an integrated set of environmental models 
designed within the more robust Framework for Risk Analysis in Multimedia Environmental 
Systems (FRAMES) modeling framework system.  

 
The 3MRA model provides a state-of-the-science environmental modeling technology that 
simulates multimedia (air, water, soil, sediments), multipathways for exposure (food ingestion, 
water ingestion, soil ingestion, air inhalation, etc.), multireceptors for exposure (resident, farmer, 
gardener, fisher, ecological habitats and populations, etc., with various cohort considerations), 
risk assessment (human cancer and non-cancer effects, ecological population and community 
effects), and an overall national assessment (e.g. strategy used to inform regulatory decisions).  
Key aspects of 3MRA include an overlay of site-based, regional, and national databases, with 
actual site data representing 201 national waste disposal sites and 419 site-waste management 
unit combinations; cumulative exposures across pathways and time; conservation of mass in 
source terms; and an inherent probability-based risk assessment design that allows the modeler to 
address key aspects of input data variability and uncertainty.  3MRA allows for evaluation of 5 
waste management unit types (i.e. landfill, waste pile, aerated tank, surface impoundment, and 
land application unit). 
 
The development of 3MRA has been driven by its initial intended application to a nationwide 
risk assessment underpinning EPA's Office of Solid Waste's proposed Hazardous Waste 
Identification Rule (HWIR). The HWIR is designed to identify which waste streams can safely 
be released from existing hazardous waste disposal requirements under Subtitle C of the 
Resource Conservation and Recovery Act (RCRA).  The rule is designed to evaluate "mixture 
and derived from" waste streams associated with regulated "listed" hazardous wastes. The 
mixture and derived-from rules are a key part of the RCRA rules that define when wastes are 
regulated as hazardous wastes.  Under the mixture rule, a listed hazardous waste remains 
regulated as a hazardous waste when it is mixed with a non-hazardous waste.  Under the 
derived-from rule, waste generated from the treatment, storage, or disposal of a listed hazardous 
waste also remains regulated as a hazardous waste.  "Mixed and derived from" hazardous waste 
streams with constituent chemical concentrations less than "exit" levels calculated by 3MRA 
could be reclassified as nonhazardous solid waste.  3MRA represents a software development 
endeavor never before undertaken on this scale by EPA's Office of Research & Development, 
while achieving an operational status that directly meets program office evaluation needs. 
 
Please see the Web site at <http://www.epa.gov/OSWRCRA/hazwaste/id/hwirwste/risk.htm> for 
a more detailed description of the 3MRA modeling system, and go to the following Web site 
which contains documentation for the 3MRA Software at  
<http://www.epa.gov/ceampubl/hwir.htm>.  
 
EPA's National Exposure Research Laboratory is currently working to identify and develop 
appropriate approaches, methods, and guidance for conducting uncertainty and sensitivity 
analyses (UA/SA) on multimedia models such as 3MRA.  EPA has identified significant needs 
to conduct research in these areas, in the long-term and in the short-term.  Long-term research 
goals in UA/SA have identified an overall need to develop tools and associated guidance to 
support various (future-concept) multimedia modeling systems and applications.  Short-term 
UA/SA research needs are driven by a requirement to facilitate productive peer review of the 



 
3MRA-HWIR assessment strategy by EPA's Science Advisory Board.  An aspect of EPA's 
research program includes construction of a 270 GHz PC-based supercomputer cluster.  For 
more detailed discussion of USEPA/ORD/NERL/ERD's activities please refer to Attachment 3. 

 
EPA’s Office of Radiation and Indoor Air (ORIA) is working with other Federal agencies on the 
Interagency Steering Committee on Radiation Standards's (ISCORS) to develop a Federal-wide 
parameter database for multi-media environmental models.  Projects related to the MARPAR 
effort may ultimately include (a) a catalog of currently available sources of parameter values and 
distributions, both in the open-literature and in the "grey literature"; (b) guidelines on parameter 
QA; (c) a catalog of resources determining site-specific parameters; (d) a catalog of modeling 
scenarios; and (e) the development of consensus databases of parameter values and distributions.  
Because of the movement towards probabilistic risk analyses, any catalogs, guidance, or 
databases developed through ISCORS will need to include information on parameter 
uncertainties.  Coordination with this Workgroup is therefore essential. 

Another EPA project is an enhancement to the FRAMES Sensitivity/Uncertainty Module that 
allows the direct use of databases containing parameter distributions in Monte Carlo calculations. 
In addition, ORIA has sponsored a two-volume report on "Understanding Variation in the 
Partition Coefficient, Kd" for radionuclides (see 
http://www.epa.gov/radiation/technology/partition.htm>). 

DOE: 
 
 DOE is supporting related uncertainty work within the Environmental Management Science 

Program (basic and applied research), the Subsurface Contamination Focus Area (technology 
development and deployment), and through compliance model development (e.g., RESRAD 
code).  Throughout the DOE Complex, there are six Environmental Management (EM) clean-up 
sites.  Within these six sites, designated DOE national laboratory and contractor staff support the 
clean-up mission through development of site-specific predictive models including uncertainty 
and parameter estimation tools.  DOE headquarters EM and Environmental Health (EH) staff can 
represent participation of R&D, compliance and field site code development as appropriate and 
needed. 

 
 ARS: 

 
   ARS’s Salinity Laboratory over the years has developed a large number of models for predicting 

water, heat and/or solute movement in the vadose zone. Especially significant has been the 
development of the windows-based (MS Windows 95, 98, 2000, XP, and/or NT environments)  
modular HYDRUS-1D and HYDRUS-2D software packages addressing one- and two-
dimensional flow and contaminant transport problems, respectively. The HYDRUS codes use the 
Richards equation for variably-saturated flow and Fickian-based convection-dispersion equations 
for both heat and solute transport. The flow equation considers water uptake by plant roots as 
well as hysteresis.  The solute transport equations include provisions for nonlinear sorption, one-
site and two-site non-equilibrium transport, and the transport of solute decay chains. The 
software packages come with Levenberg-Marquardt type nonlinear parameter optimization 
modules to allow estimation of a variety of soil hydraulic and solute transport parameters from 



 
experimental data. Unknown hydraulic parameters may be estimated from observed water 
contents, pressure heads, and/or instantaneous or cumulative boundary fluxes during transient 
flow by numerical inversion of the Richards equation. Additional retention or hydraulic 
conductivity data, as well as a penalty function for constraining the optimized parameters to 
remain in some feasible region (Bayesian estimation) can be optionally considered. The 
procedure similarly permits solute transport and/or reaction parameters to be estimated from 
observed concentrations and related data. 

Details of the ARS programs, and selected applications, can be found on ARS’s Salinity 
Laboratory Web site: <http://www.ussl.ars.usda.gov/MODELS/MODELS.HTM>.  Agricultural 
applications include irrigation and drainage design, salinization of irrigated lands, pesticide 
leaching and volatilization, virus transport in the subsurface, and analysis of riparian systems, 
while typical non-agricultural problems include the design of radioactive waste disposal sites, 
contaminant leaching from landfills, design and analysis of capillary barriers, transport and 
degradation of chlorinated hydrocarbons, and recharge from deep vadose zones. 

As increasingly sophisticated computer models are being developed to simulate fluid flow and 
contaminant transport in the vadose zone, application of those models to real-world situations 
requires the estimation of a large number of input parameters.  Especially challenging is the 
acquisition of accurate estimates of the unsaturated soil hydraulic properties (water retention, 
hydraulic conductivity) that determine rates and directions of water flow in the vadose zone.  
Because of their highly nonlinear nature, direct measurements of these properties are very time-
consuming, costly, and often subject to many experimental limitations. 

One alternative to direct measurement is the use of pedotransfer functions (PTFs) to indirectly 
estimate the hydraulic properties from more easily measured and/or readily available data such 
as soil texture and bulk density.  The Salinity Laboratory recently developed a windows-based 
software package, Rosetta that may be used for this purpose.  The PTFs in Rosetta are based on a 
combined bootstrap-neural network procedure to predict water retention parameters and the 
saturated and unsaturated hydraulic conductivity, as well as their probability distributions.  The 
PTFs were calibrated on a large number of soil hydraulic data sets derived from three different 
databases, including the UNSODA unsaturated soil hydraulic database developed at the Salinity 
Laboratory which are described at ARS’s Web site:  
http://www.ussl.ars.usda.gov/models/unsoda.HTM).  Rosetta offers a hierarchical set of five 
PTFs to predict van Genuchten type parameters from limited information (textural classes only) 
to more extended sets of data (texture, bulk density, and one or two water retention points). 
 
ARS researchers consider one attractive feature of Rosetta is that it provides uncertainties in its 
parameter estimates.  Uncertainty estimates are generated with the bootstrap method and are 
given as standard deviations around the estimated hydraulic parameters.  The uncertainties, 
which depend on the invoked PTF model and its input data, are useful in cases where few or no 
hydraulic data are available, for example in Bayesian studies of parameter uncertainty.  The 
uncertainties can also serve in risk-based simulations of water and solute transport.  Rosetta is 
available for the Windows and Linux operating systems and can be downloaded from ARS’s 
Salinity Laboratory Web site: <http://www.ussl.ars.usda.gov/models/rosetta/rosetta.htm>. 



 
ARS is actively developing and maintaining the codes and databases described earlier.  ARS has 
developed a specific proposal described in Attachment 1 to cooperatively pursue this work with 
the other working group partners and to enhance these products according to the uncertainty and 
parameter needs. 
 
USACOE 
 
The US Army Groundwater Modeling Technical Support Center, part of the Corps of Engineers’ 
Engineer Research and Development Center (ERDC), has developed and continues to enhance 
the Groundwater Modeling System (GMS).   GMS is a comprehensive graphical user 
environment for performing groundwater simulations, site characterization, model 
conceptualization, mesh and grid generation, geostatistical interpretation and post-processing.  
GMS is developed through the collaborative efforts of 15 different government research labs and 
offices within the DoD, DoE, EPA, and NRC as well as participation from 20 universities and 
private industry.  Model calibration is an important aspect of the groundwater modeling process.  
A number of calibration tools are provided in GMS for the trial and error method of model 
calibration.  Interfaces to two inverse models are contained in the GMS.  These models, UCODE 
and PEST, provide a means to automate the parameter estimation process.  Uncertainty 
estimations of the parameter are incorporated into these parameter estimation programs.  ERDC 
provided research support for the development of the program UCODE.  For data interpolation, 
there are several techniques including ordinary, universal, and zonal kriging, plus tools to 
evaluate the sensitivity of individual data points.  (For more GMS information please go to the 
following Web site: <http://chl.wes.army.mil/software/gms/> or <http://www.ems-i.com>). 
 
Currently a transitional probability/Markov approach to geostatistical simulation of variables is 
being added to the next release of GMS.  This research supported by ERDC provides a method 
that is more conducive to integration of geologic interpolation.  Three-dimensional Markov 
chains are developed to yield conceptually simple yet theoretically powerful models of spatial 
variability for hydrostratigraphic architecture.  The geostatistical conditional simulation 
algorithms of sequential indicator simulation and simulated quenching are modified to yield 
more realistic results by considering spatial cross-correlations and locally variable anisotropy 
directions (Carle, 1996 and 1998).   There are a number of risk analysis capabilities being 
incorporated into the future releases of GMS.  The reader is referred to the above web sites for 
the latest information. 
 
The numerical model that we like to use is FEMWATER which is a variably saturated flow and 
transport model.  One area that has become important is surface water groundwater interaction.  
Currently we have development a new code called GSSHA and are evaluating this plus another 
code to determine the appropriate tool for the surface water groundwater interaction applications.    
 
The Corps has incorporated parameter uncertainty into the evaluation of dam rehabilitation.  The 
uncertainty due to parameters plus the uncertainty of a particular high water event are 
incorporated to develop a priority list for decision makers to allocation rehabilitation funds.      
 



 
The participating Federal agencies will need to commit both staff years (SY) and funds to pursue 
the activities described.  Of particular need will be travel funds and cooperative funding for 
preparing, convening, and publishing joint reports for technical workshops and training courses. 

 
 

QA/QC: Each Federal agency has their own QA/QC guidelines to conduct their research 
studies. Common QA/QC criteria are the requirements for peer review, and to inform 
the public of their research findings through public meetings (e.g., technical 
conferences, meetings and workshops), and through agency and professional 
publications.  The QA/QC procedures used by the individual participating agencies in 
their research studies will be shared with the other working group participants along 
with their research products. 
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INTRODUCTION 

 
The National Weather Service (NWS) began the installation across the U.S. of its next 
generation of operational Doppler weather radars, NEXRAD, about ten years ago.  The resulting 
160 radars, called WSR-88D (Weather Surveillance Radar-1988 Doppler), have revolutionized 
the NWS forecast and warning program through improved detection of severe wind, hail, and 
tornadoes and also for improved hydrologic forecast operations and services.  This paper 
provides an overview of the WSR-88D precipitation algorithms and products and discusses our 
current development and implementation plans for enhancing them.  This plan is driven by the 
desire to improve our hydrologic operations and services to the Nation and to facilitate 
productive use of the WSR-88D radar network for real-time hydrologic modeling activities in the 
NWS and its partners. 
 

OVERVIEW OF PRECIPITATION PROCESSING AND PRODUCTS 
 

Design Framework 
 
There are many value-added processing algorithms that run on the WSR-88D computer system 
to produce derived products from the raw radar data for use by NWS forecasters and customers 
outside of the NWS (Klazura and Imy 1993).  The Precipitation Processing System (PPS) is the 
first of two hydrologic algorithms that computes initial gridded precipitation estimates within the 
WSR-88D radar system at each Weather Forecast Office (WFO) (Fulton et al. 1998).  It has been 
undergoing enhancements over the years to improve the quantitative reliability of the rainfall 
estimates.  Additional value-added processing of these PPS rainfall products is currently 
performed outside of the WSR-88D radar system within the NWS’s Advanced Weather 
Interactive Processing System (AWIPS) at each of 13 River Forecast Centers (RFC) across the 
U.S and, by this fall, at each of 120 WFOs (see http://www.srh.noaa.gov/default.html for 
forecast office web links).  Within the follow-on AWIPS Multisensor Precipitation Estimator 
(MPE), the raw single-radar-site PPS rainfall products from adjacent radars are passed to each 
regional RFC where rain gauge and satellite data are merged with the PPS rainfall products to 
produce a variety of regionally-mosaicked, raingauge-calibrated multisensor rainfall products as 
input into operational hydrologic models for river forecast and flood warning purposes and for 
distribution to external customers.   
 
The original design framework for NEXRAD precipitation processing algorithms was driven by 
several fundamental requirements that are still valid today: 
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• State-of-the-art science using the latest scientific techniques to convert radar measurements 
into precipitation accumulations. 
 
• Utilization of all available independent rainfall sensors such as rain gauges and satellite-based 
precipitation estimates in combination with the radar estimates to maximize the quantitative 
integrity of the final products and to minimize any bias errors that may be inherent in any single-
sensor estimator. 
 
• Integrated end-to-end processing within existing NWS computer processing and data systems.  
Preliminary precipitation processing on the WSR-88D system must be integrated end-to-end 
with follow-on, value-added precipitation processing algorithms within the NWS’s external 
AWIPS computers, including integration with operational hydrologic forecasting algorithms at 
the River Forecast Centers. 
 
• Software and dataflow efficiency.  The numerous WSR-88D scientific processing algorithms 
must be computationally efficient in order to smartly reduce the large volume of raw radar data 
into smaller, manageable, derived products at the source radar that can be efficiently transmitted 
to external users and AWIPS over available transmission lines to reduce data communication 
loading. 
 
• Operational robustness and fail-safe reliability.  Since the radar operates 24 hours a day, 7 
days a week, the software algorithms must necessarily be robust, immune to software failure, and 
reliable under all possible conditions. 
 
• Extensibility, flexibility, and tunability.  Because the U.S. contains a wide variety of weather 
and climate regimes ranging from the warm, dry climate of the Desert Southwest to the tropical 
environment along the Gulf Coast to the cold climate of the Northern Plains, the precipitation 
algorithms must be designed to permit flexibility and tuning of the scientific techniques to the 
local climate conditions where the algorithms are running.  In order to satisfy this requirement, 
the PPS and MPE algorithms contain user-selectable parameters that allow the forecasters to  
adapt the algorithms to local conditions for optimized precipitation product generation.  Our 
ultimate goal of developing adaptive techniques that automatically adjust the parameters to the 
local conditions using past verification statistics and current weather observations has yet to be 
realized. 
 
Computer, information, and communication technology have advanced significantly since the 
early days of the WSR-88D radar and have made several of these requirements easier to achieve 
today even though our appetites inevitably grow in step with available technology advancement.  
As such, much of the original 1980’s-era radar computing hardware and software, which was 
state-of-the-art at the time, is now currently being replaced at all radar sites with advanced 
extensible state-of-the-art radar, computer, and communication technology to alleviate original 
technology limitations, to permit the radar system to increase processing power, and to utilize 
off-the-shelf “open systems” computer components instead of the previous customized 
components to reduce long-term maintenance costs (Saffle et al. 2002).  Additional 
improvements have been implemented in the software engineering process that will speed the 
implementation of new scientific enhancements into the system.  The Open Systems WSR-88D 
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radar network is the most advanced operational weather radar system in the world today and will 
serve as the host to even more significant technology deployments in the near future, including 
advanced digital signal processing and dual polarization hardware, that will result in improved 
rainfall estimation capabilities for hydrologic applications. 
 
Precipitation Processing System 
 
The Precipitation Processing System (PPS) is the first of two serial processing algorithms that 
computes  precipitation estimates.  It runs at each of the 160 WSR-88D radars and automatically 
computes precipitation estimates on a polar grid out to a maximum range of 230 km from the 
radar using as input the raw reflectivity factor measurements collected by the radar.  Details of 
the scientific processing steps are described in Fulton et al. (1998).  Very briefly, reflectivity 
factor measured by the radar, which is generally proportional to rainfall intensity, is converted to 
rainrate using one of several common empirical power-law equations.  Then rainrate is 
integrated over time to produce estimated rainfall depth.  The rainfall grid is a fixed 1-degree in 
azimuth by 2-km in range, and therefore grid cells range in size from about 1 km2 at close ranges 
to 8 km2 at far ranges.  The rainfall accumulations, with internal precision of 0.1 mm of rainfall, 
are updated every 5-10 minutes depending on which of several scanning modes the radar is 
operating in.  Thus the WSR-88D provides high resolution rainfall estimates in time and space 
suitable for distributed hydrologic modeling of small catchments. 
 
The PPS currently generates four rainfall products updated every 5-10 minutes: the One-Hour 
Precipitation accumulation product (OHP), the Three-Hour Precipitation accumulation product 
(THP), the Storm-Total Precipitation accumulation product (STP), and the Hourly Digital 
Precipitation Array (DPA) product.  The first three products are graphical products of rainfall 
depth in inches that has been quantized into 16 rainfall data levels.  The graphical OHP and STP 
image products, and time loops of these products, can be accessed in real-time via the world 
wide web at http://weather.noaa.gov/radar/mosaic/DS.p19r0/ar.us.conus.shtml by clicking on 
any region on the U.S. map to bring up the local radar images.  An example of  an STP product 
is shown in Figure 1. 
 
The fourth precipitation product is the DPA.  This is currently the only rainfall product produced 
by the PPS that is suitable for follow-on quantitative applications such as hydrologic modeling 
because it has a full 256 data levels in units of logarithm of rainfall depth, unlike the quantized 
16-data-levels in the graphical products above.  It is a running one-hour rainfall accumulation 
product, updated every 5-10 minutes, on a national polar stereographic grid called the NWS 
HRAP (Hydrologic Rainfall Analysis Project) grid that is nominally 4-km on a side in  
midlatitudes.   This DPA product and HRAP grid are described in Fulton (1998) and Reed and 
Maidment (1999).  Instructions for using the HRAP grid within commercial GIS packages are 
described at http://www.nws.noaa.gov/oh/hrl/distmodel/hrap.htm.  Real-time FTP access to these 
and all WSR-88D products from all conterminous radars can be obtained by following 
instructions at http://205.156.54.206/oso/rpccds.html. 
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Figure 1.  Example of a 16-level graphical PPS Storm-Total Precipitation (STP) product from 
the Nashville, TN  WSR-88D radar.  The maximum range shown is 230 km. 
 
A new digital rainfall accumulation product, called the Digital Storm-total Precipitation (DSP) 
product, will be generated beginning in the spring of 2003 at all WSR-88D radars.  This product 
is fundamentally a digital (i.e., full 256 data levels) representation of the existing graphical STP 
product, but it will be on the national 1-km by 1-km HRAP grid instead of the polar grid.  This 
will permit easy mosaicking of products from adjacent radars and save users the trouble of 
remapping from a polar to a Cartesian grid.  It will be updated every 5-10  minutes and contain 
gridded rainfall accumulations summed up since the last one-hour rain-free period.   The 
advantage of this product over the existing DPA is that any arbitrary accumulation duration can 
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be generated from consecutive DSPs by simple differencing.  This is not easily doable with the 
DPA products because they are running one-hour accumulations.  This product will be used 
within the Multisensor Precipitation Estimator at the WFOs in the future in order to generate 
high resolution rainfall products suitable for use in distributed hydrologic models and flash flood 
monitoring and forecasting tools. 
 
Multisensor Precipitation Estimator 
 
The Multisensor Precipitation Estimator (MPE) algorithm is the second and final rainfall 
processing algorithm that builds upon the previous PPS processing.  The PPS rainfall products 
are only first-guess rainfall products because they are based on radar data alone which has 
known biases.  Important follow-on, value-added processing is performed afterwards in MPE 
using these PPS products as initial estimates in combination with independent rain gauge and 
satellite rainfall information.  Even though PPS products are easily accessible to customers via 
the internet, they should be used with the understanding that quantitatively more-reliable MPE 
multisensor rainfall products are generated and distributed routinely by the NWS to external 
customers that are quantitatively better than the radar-only PPS products. 
 
The MPE algorithm currently runs interactively once an hour within AWIPS at the 13 River 
Forecast Centers to support operational hydrologic forecasting and warning, but it will also be 
running at the Weather Forecast Offices beginning in the fall of 2002 to support flash flood 
monitoring and warning.  MPE uses as input the hourly DPA products from the PPS at each 
WSR-88D, but it adds significant value to the individual PPS radar-only products by 1) 
mosaicking DPA products from adjacent regional radars to create larger regional gridded hourly 
rainfall maps, 2) quantitatively incorporating real-time rain gauge data to calibrate the radar 
rainfall estimates and reduce biases, 3) incorporating satellite-based rainfall estimates to add 
additional rainfall information to the radar and rain gauge rainfall estimates, and 4) permitting 
manual forecaster interaction, editing, and quality control of the input data and products.  A 
description of MPE can be found in an on-line NWS forecaster training course at 
http://www.nws.noaa.gov/oh/hrl/presentations/mpe_training_wkshp_0601/course_outline.htm.  
An example of a one-hour multisensor rainfall product for the mid Atlantic region is shown in 
Fig. 2. 
 
The first step in the MPE processing is to mosaic the hourly DPA products from adjacent radars 
onto the national HRAP grid while taking into account any radar beam blockages that may have 
occurred due to local terrain.  In overlapping regions of adjacent radars, the lowest-to-ground, 
unblocked  radar estimate is used to create the mosaic so that rainfall is estimated as close to the 
earth’s surface as possible.  Rain gauge data is then incorporated in a mean, radar-wide sense to 
remove possible spatially-uniform biases between radar and rain gauges each hour (Seo et al. 
1999) .  This is necessary since WSR-88D rainrate estimates can sometimes have uniform hourly 
biases (e.g., overestimation by 30%) due to radar reflectivity miscalibration problems.  The 
calibration problems are uniform across the radar and are therefore very amenable to removal 
through mean field bias correction.  The next step is to merge the radar and rain gauge data 
together using geostatistical optimal estimation procedures to make local rainfall corrections 
based on the rain gauge data (Seo 1998).  Independent satellite-based rainfall estimates produced 
by NOAA’s National Environmental Satellite Data Information Service are then substituted in 
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regions where radar beam blockages by terrain prevent reasonable estimation by radar alone.  
Additional processing capability allows computation of a local-bias-adjusted multisensor field 
using the rain gauge data together with the radar data (Seo and Breidenbach 2002). 
 
 

    
Figure 2.  Example of a one-hour multisensor rainfall product over Maryland, Delaware, and 
southeast Pennsylvania.  The grid size is approximately 4-km by 4-km. 
 
The main objective of MPE is to reduce both spatially-mean and local bias errors in radar-
derived rainfall using rain gauges and satellite so that the final multisensor rainfall product is 
better than any single sensor alone.  The hourly regional rainfall products from the RFCs are 
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available from most RFCs in real time.  Some RFCs have more mature and timely product 
distribution capability than others currently.  Contact each RFC directly for information on MPE 
product availability for their region of responsibility (see web links identified above).  These 
MPE products are also available in non-real-time aggregated over 6- and 24-hour periods at 
http://www.hpc.ncep.noaa.gov/npvu/data/.  
 
National Mosaicking 
 
The regional hourly, quality-controlled precipitation products from each RFC are then 
mosaicked together nationwide by the NWS National Center for Environmental Prediction 
(NCEP) at a reduced resolution of 10 km.  National 6- and 24-hour rainfall accumulation rainfall 
image products are available at http://www.hpc.ncep.noaa.gov/npvu/data/.   These products are 
used as input to atmospheric numerical forecast models and for validation of their rainfall 
forecasts. An example is shown in Fig. 3. 
 

NEW SCIENCE INFUSION ENHANCEMENTS 
 
A 5-year science infusion plan to enhance WSR-88D precipitation estimation algorithms and 
products has been completed (http://www.nws.noaa.gov/oh/hrl/papers/papers.htm#wsr88d).  
This plan outlines the science and technology gaps that currently exist in the PPS and MPE 
algorithms and describes possible solutions to resolve them.  A selection of some of the more 
significant planned enhancements is included here. 
 
Reduce Range-related Biases 
 
One of the biggest sources of error for rainfall estimation using radar is the degradation of 
rainfall estimates with increasing range due to vertical gradients in radar-observed rainrate.  
Because the radar beam increases in altitude with range even for very low elevation angles, the 
rainrate that is measured by radar at mid-far ranges (beyond 100 km or so) is sampled at higher 
and higher altitudes that may not necessarily be representative of the rainrate near the earth’s 
surface.  Typically the apparent rainrate as measured by radar increases from the ground level to 
a maximum several kilometers above the ground due to the melting of ice particles as they fall 
through the 0 deg C altitude and then decreases rapidly above that.  This translates into rainfall 
estimates that can exhibit corresponding range-related biases, both positive and negative 
depending on the range.  This problem is particularly severe in the cool seasons when the rainfall 
systems are shallow.  A new Range Correction Algorithm has been developed that is currently 
being implemented within the WSR-88D computer that will correct for these biases (Seo et al. 
2000).  The correction factors will be computed and passed to the PPS every 5 minutes and used 
to correct the rainfall estimates in real time.  These enhancements will be reflected in the WSR-
88D rainfall products in WSR-88D software build 4 beginning in the fall of 2003. 
 
 
Improve Quality Control Algorithms to Remove False Radar Returns 
 
Rainfall can sometimes be overestimated in regions of false radar returns caused by beam 
ducting and ground clutter contamination.  Current quality control techniques within the PPS are 
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usually successful in removing this contamination in benign weather situations, but they have 
higher failure rates when the contamination exists near real rainfall echoes.  The new Radar Echo 
Classifier (REC) is a fuzzy logic algorithm that more effectively screens out non-meteorological 
targets (Kessinger et al. 2001).  It is currently being implemented on the WSR-88D computer 
and will provide more accurate delineation of raining and non-raining regions so that false radar 
echoes are not misidentified as rain.  The use of the REC rain/no-rain products within the PPS 
will replace existing suboptimal quality control techniques in software build 3 in the spring of 
2003. 
 

 
 Figure 3.  National mosaic of hourly MPE products from each RFC summed up for the multiday 
Tropical Storm Allison flooding event along the Gulf Coast. 
 
 
 
 
Implement Probabilistic Radar Rainfall Techniques and Products 
 

 8



Current operational WSR-88D precipitation estimation algorithms such as the PPS and MPE are 
deterministic, i.e., they generate a single gridded rainfall field that may not necessarily be 
quantitatively reliable in all weather situations.  Making use of independent rainfall information 
such as rain gauges and satellite as done currently improves the rainfall analyses, but there is no 
output information for users that quantifies the uncertainty in these estimates or presents them 
with a range of possible rainfall amounts at any given location.  Current trends in operational 
hydrologic forecasting are moving toward probabilistic or ensemble techniques in which 
multiple outcomes are presented in an ensemble or probabilistic fashion so that forecast 
uncertainty is quantified.  The same can be said for WSR-88D quantitative precipitation 
estimates that serve as initial conditions for hydrologic models.  There is a need to develop and 
implement operationally viable techniques that generate not only the best estimate of rainfall up 
to the current time but also the possible range of values that will provide users with a measure of 
uncertainty to guide their cost-benefit decision making.  These uncertainties in initial conditions 
must then be properly accounted for in ensemble-based hydrologic forecast models.  The proper 
scientific methodology to accomplish operational probabilistic rainfall estimation is still 
uncertain and is an area needing further research.  Funding for this activity has been identified 
and contractual scientific development support will begin soon. 
 
Improve the Temporal and Spatial Resolution of WSR-88D Rainfall Products 
 
In order to more effectively serve flash flood monitoring and forecasting needs in the NWS and 
externally, there is a need to increase the spatial resolution of the rainfall products.  Currently the 
graphical PPS products are generated on a 2-km by 1-degree polar grid, and the hourly Digital 
Precipitation Array product used later in MPE is remapped to an even coarser 4-km by 4-km 
quasi-rectangular grid.  There are plans to upgrade the PPS algorithm so that it produces rainfall 
products at the highest resolution justified by the raw radar data.  Currently this is 1-km by 1-
degree, but by 2006–7 the radar will begin collecting data at 0.25-km by 0.5-degree.  Rainfall 
products at this higher resolution will improve our ability to monitor the small convective storms 
that often lead to flash flooding and to incorporate the rainfall product in high resolution 
distributed hydrologic forecast models. 
 
Implement Polarimetric Radar Rainfall Algorithms 
 
The current WSR-88D rainfall algorithm is based on empirical conversion of horizontally-
polarized reflectivity into rainrate.  Dual-polarized Doppler radars that measure both 
horizontally- and vertically-polarized reflectivity have existed in the research communities for 
several decades now, and the science of using these polarimetric radar measurements for 
estimating rainfall have matured enough now that this cutting-edge radar technology can be 
implemented on operational radars of the NWS.   This will occur in the 2007 timeframe.  One of 
the added benefits of polarimetric radar technology will be to increase the accuracy and reduce 
biases of radar-derived precipitation (Zrnic 1999).  Additionally it has been shown to be able to 
delineate regions of rain vs. snow, which is important for hydrologic modeling as well as 
precipitation estimation, particularly in the mountains. 
 
Enhance MPE to Provide Rainfall Products Suitable for Flash Flood Monitoring and 
Warning 
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The Multisensor Precipitation Estimator algorithm has been developed and enhanced over the 
past 10 years based on operational experience at the River Forecast Centers where larger-scale 
river forecasting is done.   It more than satisfies the RFC’s time and space-scale requirements for 
rainfall products for input into their hydrologic forecast models, i.e, 6-hourly rainfall 
accumulation products on the scale of the RFC river basins (100-800 mi2).   The hourly MPE 
rainfall products, valid at the top of the hour, at the 4-km HRAP spatial scale go well beyond the 
current RFC modeling requirements.  However, hydrologic modeling that supports flash flood 
monitoring and forecasting (a Weather Forecast Office responsibility) has more stringent time 
and space-scale requirements for input rainfall data due to the small time and space scales 
associated with flash flooding.  Therefore we have plans to create a new version of MPE 
designed specifically for the WFOs that generates multisensor rainfall products at higher time 
and space resolution using 5-minute radar rainfall updates from the PPS.  The rainfall processing 
will be at a 1-km by 1-km space scale using the new WSR-88D Digital Storm-total Precipitation 
product described earlier as input.  This scientific design activity has just begun. 
 
Enhance MPE to Merge Satellite-based Rainfall Estimates with Radar and Rain Gauge 
Estimates 
 
Satellite-based rainfall estimates provide an independent source of rainfall data that can add to 
existing radar and rain gauge estimates.  Currently MPE makes limited use of operational 
satellite rainfall estimates from NESDIS in local regions defined interactively by the forecasters, 
such as in regions where mountain shadowing causes the radar estimates to be poor.  The next 
step is to intimately incorporate the satellite estimates along with the radar and rain gauges over 
other regions.  This can be accomplished by adding them as an additional estimator in the 
multisensor merging process in MPE that currently uses only radar and rain gauge estimators.  
Other techniques are being investigated such as neural network approaches. 
 
Implement Improved Automated Rain Gauge Quality Control Procedures 
 
High quality, real-time rain gauge data is extremely important.  Reduced budgets and resulting 
degraded maintenance activities have caused a degradation in data quality for some rain gauge 
networks.  Because an immediate turnaround in these trends is unlikely, improved quality 
assurance techniques for rain gauge data become even more important.  Manual quality control 
of hourly rain gauge data has proven to be one of the bigger burdens to the forecasters that use 
MPE.  Operationally available rain gauge data can be at times fraught with errors caused by 
inadequate maintenance, tree shielding, or clogged funnels that introduce corresponding errors in 
the multisensor rainfall estimates.  Because of the spatial inhomogeneity of rainfall, particularly 
in the summer thunderstorm season, it is challenging to implement totally automated quality 
control procedures that don’t throw out good data along with the bad data.  Improved techniques 
that compare the gauge data with corresponding independent radar or satellite rainfall estimates 
are being developed for use within MPE to alleviate costly manual oversight. 
 

CONCLUSIONS 
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Many improvements have been made to radar-based multisensor rainfall estimation algorithms 
and products since the early days of the WSR-88D nearly ten years ago.  Their value as input to 
high resolution hydrologic forecast models has been demonstrated in recent studies and is 
unmatched even by very dense rain gauge networks because of the large spatial gradients of 
rainfall particularly in the convective summer months.  These gradients are well mapped by radar 
and only poorly represented in rain gauge data.  However, due to possible biases in radar rainfall 
estimates, it is clear that radar will not replace rain gauges because many well-known bias errors 
can appear in radar rainfall products that can be reduced significantly using high-quality, real-
time rain gauge data.  Some of the plans for improvements to the scientific techniques of radar 
rainfall estimation have been presented here.  These improved techniques have been made 
possible through collaboration and innovation among the NWS and a diverse group of 
collaborating organizations and driven by the requirements defined by users of these products.  
The goal for the NWS is to provide our customers in the hydrologic forecasting and water 
management community with quantitatively reliable precipitation products that meet not only 
our needs but theirs as well. 
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USE OF STATISTICALLY AND DYNAMICALLY DOWNSCALED ATMOSPHERIC 
MODEL OUTPUT FOR HYDROLOGIC SIMULATIONS 

Lauren E. Hay, Hydrologist, U. S. Geological Survey, Denver, Colorado; Martyn P. Clark, 
Geographer, Center for Science, Technology and Policy Research, University of Colorado, 

Boulder, Colorado 

Abstract: This paper examines the hydrologic model performance in three snowmelt- and one 
rainfall-dominated basin in the United States to dynamically- and statistically-downscaled output 
from a global-scale forecast model. Runoff produced using a distributed hydrologic model is 
compared using daily precipitation and maximum and minimum temperature timeseries derived 
from the following sources: (1) dynamically downscaled (DDS) NCEP (National Centers for 
Environmental Prediction Reanalysis) output. NCEP output using a Regional Climate Model 
(RegCM2, horizontal grid spacing of approximately 52km); (2) statistically downscaled (SDS) 
NCEP output; (3) spatially averaged measured data used to calibrate the hydrologic model (Best-
Sta) and (4) spatially averaged measured data derived from stations located within the area of the 
RegCM2 model output used for each basin, but excluding Best-Sta set (All-Sta).  

The DDS and All-Sta timeseries were able to capture the gross aspects of the seasonal cycles of 
precipitation and temperature. However, in all four basins, the DDS- and All-Sta-based 
simulations of runoff were significantly less accurate than the SDS-based simulations. When the 
precipitation and temperature biases are corrected in the RegCM2 output and All-Sta data (Bias-
DDS and Bias-All, respectively) the accuracy of the daily runoff simulations improve 
dramatically for the snowmelt-dominated basins. In the rainfall-dominated basin, runoff 
simulations based on the Bias-DDS output show no skill whereas Bias-All simulated runoff 
improves. In the case of the large station-timeseries, the bias correction did indeed “correct” for 
the change in scale. In contrast, Bias-DDS based simulations of runoff were never as accurate as 
the SDS-based simulations. These results indicate that measured data at the coarse resolution of 
the RegCM2 output can be made appropriate for basin-scale modeling through bias correction 
(essentially a magnitude correction). However, RegCM2 output, even when bias corrected, does 
not contain the day-to-day variability necessary for basin-scale modeling. It is unknown if bias 
corrections to model output will be valid in a future climate. Future work is warranted to identify 
the causes for (and removal of) systematic biases in DDS simulations, and improve DDS 
simulations of daily variability in local climate. Until then, SDS based simulations of runoff 
appear to be the safer downscaling choice. 

INTRODUCTION 

A potential water resource management tool is the use of atmospheric model output from a 
global-scale forecast model in hydrologic models. Given the large systematic biases and the poor 
skill present in global-scale estimates of precipitation and temperature in some regions (Clark et 
al., 2002), it is necessary to explore methods that may improve upon these global-scale models. 
Techniques in widespread use are regional climate modeling (Dynamical DownScaling -- DDS) 
and statistical post-processing (Statistical DownScaling -- SDS) of global-scale model output 
(e.g., Wilks, 1995; Wilby et al., 2000; Antolik, 2000).  
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DDS techniques use Regional Climate Models (RCMs) nested within a global-scale model. 
RCMs are run at finer horizontal resolution than the global-scale models, and thus provide a 
more accurate depiction of important model components such as terrain height and cloud 
physics. However, RCMs suffer from similar bias problems as the global-scale models (see 
Takle et al. (1999) and Hay et al. (2002)), and are overly demanding on current computer 
resources. 

SDS techniques develop empirical relations between features reliably simulated in global-scale 
models at grid-box scales (e.g., 500 hPa geopotential height) and surface predictands at sub-grid 
scales (e.g., precipitation occurrence and amounts). The disadvantage of SDS is that the SDS 
equations must be developed using an archive of forecasts from the same model that is used in 
the operational setting.   SDS is ultimately limited by the assumption of temporal stationarity in 
the empirical relations (i.e., skillful SDS results for the present climate do not necessarily 
translate to skillful forecasts of future climate).  

The non-stationarity in empirical climate relations is well documented (e.g., Ramage, 1983). 
DDS does not suffer from the non-stationarity shortcomings present in SDS techniques. Though 
some parameterization in a RCM may have an empirical basis, DDS simulations of local climate 
are more physically-based than SDS and thus are more acceptably transferable from current to 
future climates. However, DDS simulations of current climate have not been extensively tested 
(Takle et al, 1999). There is a strong need for a systematic assessment of current RCM output in 
order to evaluate the skill of (and confidence in) RCM simulations, especially as drivers for 
impact assessment models, and to identify areas for model improvement. 

This paper compares hydrologic model results using precipitation and temperature timeseries 
derived for four basins in the United States: (1) Animas River at Durango, Colorado (Animas); 
(2) East Fork of the Carson River near Gardnerville, Nevada (Carson); (3) Cle Elum River near 
Roslyn, Washington (Cle Elum); and (4) Alapaha River at Statenville. The surface hydrology of 
the first three basins is dominated by snowmelt. The Alapaha River basin is a rainfall-dominated 
basin. Figure 1 shows the location, drainage area, and elevation range of each basin.  

In this study, for each of the four basins, daily precipitation and temperature are derived from 
dynamically-downscaled output from the National Centers for Environmental 
Prediction/National Center for Atmospheric Research Reanalysis (NCEP); statistically 
downscaled NCEP output; and spatially averaged measured data used to calibrate the hydrologic 
model (Best-Sta). A final data set was introduced in order to provide a fair means of comparing 
the relative performance of downscaled and station-based runoff simulations. This set consisted 
of spatially averaged measured data derived from stations located within the area of the RegCM2 
model output used for each basin, but excluding Best-Sta set (All-Sta). This All-Sta timeseries is 
comparable in scale to the DDS model resolution and provides an appropriate test to determine if 
output at this scale can be used for simulation of basin-scale hydrology. Since the hydrological 
response of a basin is an integration of the regional climate (in time and space), the results 
presented here will provide comparison of the overall realism of statistically and dynamically 
downscaled precipitation and temperature timeseries for four basins in the United States. 
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DATA 

For each basin, the following daily data/output were compiled for the purpose of hydrologic 
modeling: (a) measured-station data; and (b) statistically (SDS) and (c) dynamically (DDS) 
downscaled NCEP output.  

Station Data: Daily maximum and minimum temperatures and precipitation data from stations 
in and around each basin were compiled from the National Weather Service and Snow Telemetry 
data bases. Two data sets were developed from the station data. The first one was developed by 
selecting the set of stations that provide the best simulation of runoff (Best-Sta) for each basin. 
The Best-Sta set is used in this study to: (1) provide the best possible set of hydrologic model 
parameters (used in every hydrologic simulation); (2) train the equations used for SDS; and (3) 
correct for bias in the DDS and All-Sta timeseries. The DDS and All-Sta timeseries are corrected 
for systematic bias to distinguish errors in hydrologic simulations associated with model biases 
from errors in hydrologic simulations associated with model problems in capturing daily climate 
variations.  

The SDS output is developed based on the Best-Sta timeseries for each basin. No such 
calibration is performed for the DDS model inputs. Thus, use of the calibrated Best-Sta mean 
timeseries to assess DDS based runoff simulations will lead to conclusions that are favorable to 
the station-based simulations and unfavorable to the DDS based simulations. To provide a fair 
means of comparing the relative performance of downscaled and station-based runoff 
simulations, a second input timeseries for each basin was developed. These timeseries (hereafter 
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referred to as “All-Sta”) include data on precipitation and temperature for all stations that fell 
within the DDS model output domain (RegCM2) for each basin (Figure 1), but excludes the 
station set used for the hydrologic model calibration (Best-Sta). All input timeseries are 
described in Table 1. 

Table 1.-- Input timeseries to the Hydrologic Model 

# Abbreviation Description 
1 Best-Sta  Best 3-station set  
2 All-Sta  All stations within RegCM2-buffered area  (excludes “Best-Sta”) 
3 Bias-All “All-Sta” stations with a bias correction applied 
4 DDS Dynamically downscaled NCEP output 
5 Bias-DDS “DDS” with a bias correction applied 
6 SDS Statistically downscaled NCEP output 

 

Statistical Downscaling: In the SDS technique, atmospheric variables included in the NCEP 
Reanalysis forecast archive were used as predictors in a multiple linear regression approach to 
forecast precipitation occurrence, precipitation amounts, maximum temperature, and minimum 
temperature for the three basins in this study. The NCEP Reanalysis produced a retroactive 51-
year (1948-1998) record of global atmospheric fields derived from a Numerical Weather 
Prediction model kept unchanged over the analysis period and constrained by observations. Use 
of a “frozen” model in the Reanalysis eliminates pseudo-climate jumps in archived timeseries 
associated with frequent upgrades in the operational modeling system used at NCEP, and allows 
an assessment and correction of systematic problems in the model. The model employs a 
horizontal grid spacing of approximately 210 km. 

Daily NCEP precipitation and temperature timeseries were calculated by extracting NCEP output 
from within a 500km buffered area for each basin (see Figure 1) and interpolating to the mean of 
the Best-Sta location (average of three stations) using Cressman (inverse-distance) interpolation. 
Note for each basin,   maximum and minimum temperature were computed from average 
temperature based on the monthly diurnal temperature range calculated from the Best-Sta 
timeseries for each basin.  

To provide a fairly complete description of forecasted atmospheric conditions, a large pool of 
potential predictor variables (approximately 350 variables) was examined (see Clark et al., 
2002). Predictor variables include geopotential height, temperature, wind, and humidity at five 
pressure levels (300, 500, 700, 850, and 1000 hPa), various surface flux variables (e.g., 
downwelling shortwave radiation flux, 24-hour accumulated precipitation), and computed 
variables such as vorticity advection, zonal and meridional moisture fluxes, and stability indices. 
All predictor variables are taken from within a 500km buffered area for each basin (see Figure 1) 
and interpolated to the mean of the Best-Sta location (average of three stations) using Cressman 
(inverse-distance) interpolation.  
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The SDS equations were developed using multiple linear regression with forward selection 
(Antolik, 2000). The forward selection procedure first identifies the predictor variable (e.g., 500 
hPa height) which explains the most variance of the predictand (e.g., maximum temperature at a 
point location). It then searches through the remaining variables, and selects the variable that 
most reduces the remaining unexplained variance in combination with the variable already 
chosen. If the improvement in explained variance exceeds a given threshold (taken here as one 
percent), the variable is included in the multiple linear regression equation. The remaining 
variables are examined in the same way until no further improvement is obtained based on the 
correlation threshold. 

Dynamical Downscaling: The RCM selected to dynamically downscale the NCEP output was 
RegCM2 (Giorgi et al., 1996). A 10-year run (1979-1988), performed by the Atmospheric 
Sciences Department, Iowa State University, was conducted using 6-hour output from NCEP to 
define initial and boundary conditions. This version of RegCM2 used the continental U.S. 
domain of the PIRCS experiments (see Fig. 1 in Takle et al., 1999). 

The RegCM2 grid spacing is 52 km on a Lambert conformal projection of the middle latitudes. 
Figure 1 shows the RegCM2-gridpoints chosen for analysis in each of the four study basins. A 
buffer equal to that of the RegCM2 grid spacing was generated around each basin boundary and 
all RegCM2-gridpoints that fell within this buffered area were chosen for this analysis (see 
Figure 1). Note the RegCM2 buffered area is much smaller than an NCEP grid box (Figure 1).  

HYDROLOGIC MODEL 

The hydrologic model chosen for this study is the U.S. Geological Survey's Precipitation Runoff 
Modeling System (PRMS) (Leavesley at al., 1983; Leavesley and Stannard, 1995). PRMS is a 
distributed-parameter, physically-based watershed model. Distributed parameter capabilities are 
provided by partitioning a watershed into Hydrologic Response Units (HRUs). Basin and HRU 
delineation, characterization, and parametrization were done for each basin using a geographic 
information system (GIS) interface. HRUs were delineated identically for each basin by (1) 
subdividing the basin into two flow planes for each channel; (2) subdividing the basin using 
three equal area elevation bands; and (3) intersecting the flow-plane map with the elevation-band 
map.  

PRMS uses daily inputs of the climate variables precipitation (PRCP), maximum temperature 
(TMAX), minimum temperature (TMIN), and solar radiation. TMAX, TMIN, and PRCP are 
available at most climate stations across the United States. Solar radiation is generally not 
measured at the climate stations used in this study, so shortwave and longwave radiation were 
computed empirically using algorithms in PRMS (see Leavesley et al., 1983 for more 
information). TMAX, TMIN, and PRCP are estimated for each HRU by using the xyz 
methodology described in Hay et al. (2002). The xyz methodology uses TMAX, TMIN, and 
PRCP from a group of stations (or gridpoints) and spatially distributes from one point (a single 
daily mean value) to each HRU in a basin. The method allows for station data and gridpoints (i.e 
DDS timeseries) to be distributed similarly, both starting as a single daily mean value (note SDS 
output is at the average of the Best-Sta station location in each basin).  
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Hydrologic model parameters describing topographic, vegetation, and soils characteristics were 
generated for each HRU from four digital databases: (1) USGS 3-arc second digital elevation 
models; (2) State soils geographic (STATSGO) 1-km gridded soils data (U.S. Department of 
Agriculture, 1994); (3) U.S. Forest Service 1-km gridded vegetation type and density data (U.S. 
Department of Agriculture, 1992); and (4) USGS 1km gridded Land Use/ Land Cover data 
(Anderson et al., 1976). An objective parameter estimation and calibration procedure was used to 
prevent biasing parameter estimates to any particular meteorological timeseries (Leavesley et al., 
2002). Using this procedure, no changes are made to GIS generated spatial parameters. 
Calibration focused on the water balance parameters affecting potential evapotranspiration and 
precipitation distribution, and on subsurface and ground-water parameters affecting hydrograph 
shape and timing (Leavesley et al., 2002). Other model parameters were based on parameter sets 
from model applications to comparable basins in the same region (Leavesley et al., 1992).  

HYDROLOGIC MODEL INPUT DATA 

The hydrologic model PRMS was forced with a daily mean TMAX, TMIN, and PRCP value 
derived from the following sources: (1) measured-station data; (2) DDS; and (3) SDS output. 
DDS output for the United States was available from 1979-1988. To remove the bias from the 
state variables in each basin, PRMS was initialized with station data from October 1, 1977 to 
December 31, 1978. Then, 10 years (1979-1988) of TMAX, TMIN, and PRCP were distributed 
to the HRUs in each basin using daily mean TMAX, TMIN, and PRCP values from climate 
stations and downscaled NCEP output. Due to the stochastic nature of SDS, the SDS-based 
simulations of runoff included 100 ensembles. Figure 2 shows the daily basin TMAX, TMIN, 
and PRCP mean by month for the input timeseries listed in Table 1 (excluding the bias-corrected 
timeseries) for the four basins. The SDS values are represented by a range computed from the 
100 ensembles. 

Temperature: Figure 2 shows the daily basin TMAX and TMIN mean by month computed 
using the Best-Sta, All-Sta, DDS, and SDS timeseries for the four basins. SDS-based TMAX and 
TMIN are nearly identical to the Best-Sta values in all four basins. DDS-based timeseries of 
TMAX are significantly lower than Best-Sta data (with exception of Cle Elum), sometimes by as 
much as 6oC. All-Sta TMAX values are similar to Best-Sta values, with the exception of the 
Alapaha River basin, where All-Sta values are significantly higher than Best-Sta values. DDS-
based TMIN values are similar to Best-Sta values in the Alapaha and Cle Elum River basins, and 
higher than Best-Sta values in the Carson River basin. All-Sta TMIN values are higher in the 
Alapaha and the Carson River basin. 

A simple bias correction was performed on the raw All-Sta and DDS TMAX and TMIN 
timeseries to produce the Bias-All and Bias-DDS TMAX and TMIN timeseries, respectively. 
Biases were removed in the DDS (and All-Sta) timeseries by (1) computing a monthly 
climatology of the DDS TMAX and TMIN for each day; (2) subtracting the daily DDS value of 
TMAX and TMIN from that climatology (to produce a daily anomaly value); and (3) adding the 
daily TMAX and TMIN anomaly from the DDS model to the corresponding Best-Sta monthly 
station climatology of TMAX and TMIN. Because there were only 10 years of DDS output 
available for this study, an independent timeseries was not used to produce the TMAX and 
TMIN bias corrections. Due to the nature of the TMAX and TMIN bias correction, the monthly 

 6



climatologies of Bias-DDS, Bias-All, and Best-Sta are the same as the Best-Sta data (not shown). 
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TMAX and TMIN bias adjustments “correct” the monthly mean values of All-Sta and DDS but 
daily values of Bias-DDS generally do not contain the day-to-day variability present in the Best-
Sta, All-Sta, or SDS daily values for any of the basins. Figure 3 shows for each basin the R-
square values for TMAX and TMIN calculated between daily Best-Sta values and: (1) All-Sta; 
(2) Bias-All; (3) DDS; (4) Bias-DDS; and (5) SDS. R-Square values using SDS are as good or 
better than when using Bias-All. In all cases Bias-All R-square values are better than Bias-DDS. 
This implies that TMAX and TMIN station data compiled at the scale of the NCEP output still 
contain the day-to-day variability present in the Best-Sta timeseries. This is interesting 
considering the domain used to extract the NCEP output is significantly larger that used for the 
DDS output (see Figure 1). The DDS output may have identical monthly means values, but does 
not contain the day-to-day variability in TMAX and TMIN present in the measured or SDS 
timeseries. 

Precipitation: Figure 4 shows the daily basin PRCP mean by month computed using the Best-
Sta, All-Sta, DDS, and SDS timeseries for the four basins. Comparison of the All-Sta, DDS, and 
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SDS with the Best-Sta PRCP timeseries shows that they all capture the gross aspects of the 
seasonal cycle of PRCP in all three basins, although there are some large discrepancies when 
using All-Sta and DDS. 

Based on these results, the raw DDS and All-Sta PRCP timeseries were 'corrected' for biases. 
The bias corrections were made on a monthly basis using a gamma transform which preserved 
the PRCP distribution. This procedure is similar to the transform method suggested by Panofsky 
and Brier (1968). The DDS (and All-Sta) PRCP biases were corrected using the following steps: 
(1) Force the DDS PRCP values to have the same number of PRCP days as the Best-Sta 
timeseries. This was accomplished by (a) ranking the DDS PRCP output and (b) setting all 
values to zero with ranks equal to or lower than the number of dry days in the Best-Sta 
timeseries; (2) Fit a gamma distribution to the resultant Best-Sta and DDS timeseries (restricted 
to PRCP days); (3) For each DDS PRCP day (i.e., all DDS values above the thresholds identified 
in step (1b)), compute the cumulative probability in the gamma distribution fitted to the DDS 
output, and then replace the raw DDS value with the PRCP amount associated with the matched 
cumulative probability in the gamma distribution fitted to the Best-Sta data. Because there were 
only 10 years of DDS output available for this study, an independent timeseries was not used to 
produce the DDS PRCP bias corrections. Monthly values of Bias-DDS and Bias-All are similar 
to Best-Sta data (not shown). 

The bias adjustments to the All-Sta and DDS PRCP may “correct” the monthly mean values, but 
daily values of the bias-corrected timeseries do not contain the day-to-day variability present in 
the Best-Sta values for any of the basins. Figure 5 shows for each basin the R-square values for 
PRCP calculated between daily Best-Sta values and: (1) All-Sta; (2) Bias-All; (3) DDS; (4) Bias-
DDS; and (5) SDS. R-square values are not greater than 0.75 for any of the basins indicating that 
none of the input timeseries contain the day-to-day variability seen in the Best-Sta timeseries. 
Note that the SDS R-square values are the highest in two out of four basins and are always 
greater than the DDS values. 

HYDROLOGIC MODEL OUTPUT 

Figure 4 shows the Nash-Sutcliffe (NS) goodness-of-fit statistic (Nash and Sutcliffe, 1970) for 
the four basins using the input timeseries listed in Table 1. For PRMS runoff simulated using the 
Best-Sta timeseries, the NS values are all above 0.75, indicating a good fit even with minimal 
calibration of the PRMS model parameters. As expected, PRMS outputs simulated using All-Sta 
and DDS result in the lowest NS values. For PRMS outputs simulated using Bias-DDS input, 
model skill improves from that produced using the raw DDS, but in all basins the NS values are 
significantly lower than those simulated using the Best-Sta or SDS input timeseries. This is most 
apparent in rainfall-dominated basin (Alapaha). PRMS model runoff simulated with SDS is as 
good as that simulated using Best-Sta data in the snowmelt basins. Note that runoff simulated 
using Bias-DDS has the lowest NS values of the bias-corrected results with the exception of the 
Carson River Basin. 
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SUMMARY AND DISCUSSION 

Six types of input timeseries (TMAX, TMIN, and PRCP) were tested using the hydrologic model 
PRMS (listed in Table 1). PRMS runoff simulated using Best-Sta and SDS timeseries produced 
realistic daily runoff in all four study basins (Figure 6). Analysis of the daily basin mean TMAX, 
TMIN, and PRCP by month computed using All-Sta and DDS timeseries indicated that these 
timeseries needed a bias correction (Figures 2 and 4).    

The All-Sta timeseries were tested to determine if an area as large as that covered by gridpoints 
used in the DDS timeseries (see Figure 1) could produce realistic TMAX, TMIN, and PRCP for 
basin-scale modeling. Results indicate that, after bias correction, the large-scale Bias-All 
timeseries performed almost as well as the Best-Sta timeseries, indicating that large-scale data 
can be made appropriate for hydrologic modeling in the four basins examined for this study. In 
contrast, PRMS runoff simulated using Bias-DDS timeseries (compiled at the same scale as the 
Bias-All) was not as accurate as runoff produced using the Bias-All in three out of four basins 
tested. The gridpoints used to produce the SDS timeseries were extracted from a significantly 
larger area than that used for the DDS (see Figure 1). Yet in all four basins, SDS-based runoff 
simulations were significantly better than those produced using Bias-DDS. 

In snowmelt dominated basins, daily variability of runoff is much more strongly controlled by 
daily variations in temperature rather than precipitation. A correct volume of PRCP over the 
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accumulation season (e.g., as represented in the April 1 snowpack) is what the hydrologic model 
requires. The skill of hydrologic simulations in snowmelt-dominated basins is due to simulations 
of the total snowpack and melt processes (which are largely influenced by TMAX). The daily 
variability of TMAX and TMIN were best represented by SDS-based simulations and runoff 
simulated using SDS timeseries were as realistic as those produced using the Best-Sta timeseries 
in the snowmelt-dominated basins. In the rainfall-dominated basins, the skill in modeling runoff 
is dependent on the skill of capturing discrete precipitation events. This becomes evident from 
the results in Figures 4 and 5. In the Alapaha River basin, daily variations in precipitation are 
best represented by the All-Sta, Bias-All, and SDS-based time series (Figure 5). Bias-DDS 
shows essentially no skill in replicating the day-to day variability in precipitation. All-Sta, Bias-
All, and SDS dramatically outperform Bias-DDS, indicating that DDS does not contain the day-
to-day variability in precipitation needed for basin-scale modeling in rainfall-dominated basins.  

CONCLUSIONS 

The hydrologic response in four basins in the United States to dynamically- and statistically-
downscaled output from the National Centers for Environmental Prediction Reanalysis (NCEP) 
was examined. Runoff produced using a distributed hydrologic model was compared using daily 
precipitation and maximum and minimum temperature timeseries derived from the following 
sources: (1) dynamically downscaled (DDS) NCEP output using a the regional climate model 
RegCM2; (2) statistically downscaled (SDS) NCEP output; (3) spatially averaged measured data 
used to calibrate the hydrologic model (Best-Sta) and (4) spatially averaged measured data 
derived from stations located within the area of the RegCM2 model output used for each basin, 
but excluding the Best-Sta set (All-Sta). The All-Sta timeseries are comparable in scale to the 
DDS model resolution and provide an appropriate test to determine if output at this scale can be 
used for simulation of basin-scale hydrology. 

The All-Sta, DDS, and SDS timeseries capture the gross aspects of the seasonal cycles of 
TMAX, TMIN, and PRCP. However, in all four basins large systematic biases in the All-Sta and 
DDS simulations of TMAX, TMIN, and PRCP were evident, which translated into unrealistic 
simulations of runoff. The All-Sta and DDS timeseries were corrected for biases (Bias-All and 
Bias-DDS, respectively).  

Simulated runoff based on Best-Sta, SDS, Bias-All, and Bias-DDS output were evaluated on a 
daily basis. SDS-based simulations of runoff were always better than those produced using Bias-
DDS. Most notable are the results in the rainfall-dominated basin: Bias-DDS based simulations 
show essentially no skill whereas Bias-All and SDS-based simulations re-produce realistic 
runoff. These results indicate that precipitation averaged over a large area can have the daily 
variations necessary for basin-scale modeling. In the snowmelt-dominated basins which are 
strongly controlled by maximum temperature, capturing daily variations in precipitation was 
found to be less important, and only the volume of precipitation over the accumulation season 
needs to be correct. 

In conclusion, climate data of similar resolution to that used in the RegCM2 model can be made 
appropriate for basin-scale modeling when a bias correction is applied. This need for statistical 
correction (essentially a magnitude correction) may be somewhat troubling, but in the case of the 

 10



large station-timeseries (All-Sta), the magnitude correction did indeed “correct” for the change in 
scale. This was not shown to be true for the bias-corrected DDS output. The DDS output could 
be “corrected” for magnitude but did not contain the day-to-day variability in temperature 
needed for basin-scale modeling in snowmelt-dominated basins, and the day-to-day variability in 
precipitation needed for basin-scale modeling in the rainfall-dominated basin, that was present in 
both the All-Sta and SDS timeseries. The major advantage of using DDS output to simulate 
runoff is the physical realism. It is unknown if statistical corrections to model output will be 
valid in a future climate. Future work is warranted to identify the causes for (and removal of) 
systematic biases in DDS simulations, and improve DDS simulations of daily variability in local 
climate. Until then, SDS-based simulations of runoff appear to be the safer downscaling choice. 
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A TEST OF TWO DISTRIBUTED HYDROLOGIC MODELS   
WITH WSR-88D RADAR PRECIPITATION DATA INPUT 

 
By  
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Vieux, Hydraulic Engineer, Vieux and Associates, Inc., Norman, Oklahoma 
 
 

INTRODUCTION AND PURPOSE 
 
The U.S. Bureau of Reclamation (Reclamation) will test two different 2-D distributed-parameter 
hydrologic models in the case of a heavy rainfall over west-central Arizona.  The heavy rain was 
produced by Tropical Storm Nora, 25-26 September 1997.  The primary test area is the Santa 
Maria basin in West-central Arizona.  The two distributed models are GSSHA and Vflo™. 
 
The Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model is a reformulation and 
enhancement of the distributed runoff model CASC2D (Ogden 2000).  GSSHA is a physically 
based, two-dimensional model that operates on a raster (square-grid) representation of a 
watershed and is designed for long-term, large-basin simulation of rainfall-runoff and base flow 
processes.  The model solves transport equations using finite difference and finite volume 
techniques and includes 2-D diffusive-wave overland flow routing and 1-D diffusive-wave 
channel routing.  GSSHA is a process-based model where the user has the option to select the 
specific processes to be modeled for a particular application.  Among the processes that can be 
simulated are precipitation distribution, snowfall accumulation and melting, precipitation 
interception by vegetation, surface water retention, infiltration, overland flow runoff, overland 
erosion and deposition, channel routing of water, channel routing of sediments, channel routing 
of conservative contaminants, unsaturated groundwater flow (Vadose zone modeling), saturated 
groundwater flow, stream recharge/discharge to groundwater, exfiltration of groundwater to land 
surface, and evapo-transpiration (ET).   
 
Additional information on the GSSHA model and its evolution from the Cascade of Planes, 2-
Dimensional (CASC2D) model can be found in Downer et al. (2000b) and Downer et al. (2002).  
To facilitate the calibration process, automatic calibration using the Shuffled Complex Evolution 
(SCE) procedure is available for GSSHA (Senerath et al. 2000).  Development of input data and 
model parameters from GIS inputs, as well as visualization of model outputs, is performed using 
the Watershed Modeling System (WMS) version 6.1, which is developed at Brigham Young 
University in cooperation with the U. S. Army Engineer Research and Development Center, 
Coastal and Hydraulics Laboratory. 
 
Vflo is a real-time distributed hydrologic model for managing precious water resources, water 
quality management, and flood warning systems. Improved hydrologic modeling capitalizes on 
access to high-resolution quantitative precipitation estimates from model forecasts, radar, 
satellite, rain gauges, or combinations in multi-sensor products. Digital maps of soils, land use, 
topography and rainfall rates are used to compute and route rainfall excess through a network 
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formulation based on the Finite Element Method (FEM) computational scheme described by 
Vieux (2001a, and 2001b). Vflo is a new model implemented in Java™ to take advantage of 
secure servlet/applet technology for multi-user access. Vieux and Vieux (2002), in these 
proceedings, describe the Vflo model in more detail. 
 
The overall goal of Vflo is to provide high-resolution, distributed hydrologic prediction from 
catchment to river basin scale. The advantage of physics-based models is that they can be setup 
with minimal historical data and still obtain meaningful results. Distributed models better 
represent the spatial variability of factors that control runoff enhancing the predictability of 
hydrologic processes (Vieux, 2002). Finite element solution of the kinematic wave equations is 
an efficient approach allowing large systems to be solved easily on single processor Intel PC’s in 
a Windows environment, or on servers. Solution proceeds on a drainage network making the 
same model scalable from small catchment to major river basin. Vflo is set up using a drainage 
network rather than a basin approach. Vflo represents an important advance in simulating 
rainfall-runoff using digital data describing the Earth’s terrain coupled with advances in radar 
precipitation detection. 
 
We plan to integrate a distributed hydrologic model such as GSSHA or Vflo into a generalized 
watershed management framework, such as the RiverWare modeling tool (Zagona et al., 2001) 
currently used by Reclamation.  RiverWare is a water resources management tool for operations, 
scheduling and planning, which builds water operations models and applies decision criteria to 
them.  This integration may be considered analogous to the relationship of CASC2D to WMS.  
 
Both distributed models require Geographic Information Systems (GIS) data as input, such as 
basin definitions, topography, soils and land use data.  The following section will detail these 
GIS data.   
 

GIS DATA INPUT 
 
Distributed hydrologic models may require slightly different inputs and formats, but most need 
the same basic ingredients.  Basin delineation, channel network delineation, overland flow slope, 
flow accumulation and drainage direction are all derived from topographic data, typically in the 
form of a Digital Elevation Model (DEM).  Digital soil surveys may supply soil infiltration 
parameter estimates, and digital maps of land use/cover are generally used as the basis for 
estimates of surface hydraulic roughness coefficients.  Arguably the most critical component is a 
temporally and spatially variable precipitation field.  In distributed hydrologic models, such 
variability is accommodated by the model’s spatially variable characteristics within an individual 
basin, derived from the aforementioned GIS input.  Other factors such as temporal and spatial 
resolution of the input data and transformation of those data into parameters usable by the model 
are also crucial considerations in the modeling process. 
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Figure 1.  Representation of lowest (0.50 elevation) radar beam extent from Flagstaff AZ WSR-88D 
(KFSX) along azimuth 275°, which lies over the headwaters of the Santa Maria (SM) test basin.  Arrow
denotes location of aforesaid headwaters and line and circles above the arrow designate beam heights
and width above this location (see text). 

For this preliminary comparative study, while both GSSHA and Vflo have some flexibility as to 
the format of GIS data that they will accept, the most important requirement of this test is that 
they operate from the same input data set.  This stipulation allows for a valid comparison of the 
models themselves instead of the quality of their input data.  From these basic data sets, the 
specific model parameters and inputs will be derived for the respective models.  The following 
data sets were selected for the comparison: 
 

• DEM data with 30 m horizontal resolution from the U.S. Geological Survey (USGS) 
EROS Data Center’s National Elevation Dataset (NED). 

• Land Use Land Cover data at 30 m resolution, from the USGS EROS Data Center’s 
National Land Cover 1992 Dataset (NLCD). 

• Soil data from the Natural Resources Conservation Service State Soil Geographic 
(STATSGO) database for Arizona. 

• Channel cross-section data from the USGS, available for this basin only at a single 
stream gauge location on the Santa Maria River. 

 
RADAR DATA INPUT 

 
Radar data input is from the WSR-88D (formerly NEXRAD) Doppler radar (Crum et al. 1993) 
south of Flagstaff, Arizona (KFSX), which is about 150 km east of the headwaters of the test 
basin.  The data consist of reflectivities in Level II format from the National Climatic Data 
Center, which have a data resolution of 0.5 dB.  The beam width at the headwaters range is about 
3.6 km and the lowest (0.5Ε) beam center altitude is about 3.4 km above ground level (Fig. 1).   
This location is considered to be at moderate range from the radar for precipitation estimation in 
the warm September atmosphere over Arizona. 
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The radar quantitative precipitation estimation (QPE) is accomplished via use of Reclamation’s 
new Precipitation Accumulation Algorithm (PAA; Hunter et al. 2001).  The PAA uses Eta model 
soundings to distinguish rain, snow, melting snow, and virga regions and applies different Z-R 
relationships to each, producing precipitation accumulations at the surface.  In this case, the 
National Weather Service (NWS)-sanctioned tropical Z-R relationship (Z = 250 R1.2) was used 
for all precipitation, since its phase was all liquid at the surface and was produced by a tropical 
storm.  Finally, a single precipitation gauge/radar QPE bias (G/R) for the entire radar umbrella 
was calculated from all available G/R pairs.  Most of the gauge data were 24-hour accumulations 
from NWS cooperative observers, but a few were from METAR reporting sites near airports.  
These steps optimized the accuracy of the precipitation field.  This field was converted to a 1 km 
geo-referenced grid for incorporation into the hydrologic models. 
 

TEST CASE DESCRIPTION 
 
Santa Maria Basin: The Santa Maria basin is an unregulated headwater basin in West-central 
Arizona, flowing from elevations over 2 km west of Prescott toward the Bill Williams River at 
Alamo Lake, in the lowland desert of western Arizona.  The Bill Williams River discharges into 
the mainstem of the Lower Colorado River near Lake Havasu City.  The area of the Santa Maria 
basin is 3,727 square km. Figs. 2 and 3 show the location, hydrography and topography of the 
region surrounding the basin.  As would be expected for the arid desert soils and steep 
topography of this basin, response times in the event of heavy rains are small.  
 
An encircled red dot in Fig. 2 indicates the single active stream gauge in the basin, namely 
USGS 09424900 on the Santa Maria River.  The elevation of this gauge is 415 m above sea level 
and is 17 km above the basin outlet, with a drainage area of 2,924 square km.  Mean annual 
streamflow at the gauge varies widely from year to year - from 1967 to 1999 values ranged from 
zero to 232 cfs, with an average of 66 cfs. On many days in most years there is no flow.  The 
same large variability is also evident in annual peak streamflows, which are presented in Fig. 4. 
 
Synoptic and Hydrologic Characteristics of the Storm: Tropical cyclones are rare in Arizona, but 
occur occasionally as they make landfall from the eastern Pacific or Gulf of California.  Tropical 
Storm (TS) Nora was an example of the latter landfall location.  TS Nora’s center traveled along 
the western Gulf of California and accelerated northward at landfall, which was near the 
California/Arizona border at 2100 UTC 25 September 1997 (Fig. 5 and Rappaport 1997).  At 
that time most of the heaviest precipitation was occurring to the northeast of Nora’s center, in 
Arizona.  The storm rapidly weakened after that time and by 0000 UTC 26 September TS Nora 
was downgraded to the Tropical Depression category (maximum sustained surface wind speed 
33 knots or less), when its center was near Parker, Arizona (PRKR in Fig. 3).  Despite this 
weakening, Nora produced very heavy rain in and near the Santa Maria basin on both the 25th 
and 26th.  While approximately 2-10 mm of precipitation fell in the headwaters of the basin from 
1200 UTC on the 24th to 1200 UTC on the 25th, much greater amount occurred the following 
day, from 1200 UTC on the 25th to 1200 UTC on the 26th.  An isohyetal analysis for the latter 
period is given in Fig. 6.  Northward-flowing tropical moisture intercepted the elevated terrain in 
the  
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Figure 2.  Map of the region surrounding the Santa Maria test basin, which is highlighted in green.  Brown 
triangles show locations of NWS Cooperative Observing sites.  Those sites with numbers underneath the 
symbols show active reporting sites during this event; the numbers themselves indicate 24 hour 
precipitation from 1200 UTC 25 September 1997 through 1200 UTC 26 September 1997.  Red encircled 
dots pinpoint USGS streamflow gauges that report in real time.  Purple lines outline counties, red lines 
interstate highways, and black lines other basins.  The black droplet symbols show other precipitation 
reporting stations.  The straight black line connects the KFSX radar and the headwaters of the Santa 
Maria basin, with the line distance indicated in km.  The Colorado River is shown by the thickest blue 
streamlines on the western and northern fringes of the figure. 
 
headwaters (eastern and northern) portion of the basin (Fig. 3), and this upslope flow 
undoubtedly enhanced precipitation in those areas. This notion is supported by the highest 
recorded storm-total rainfall from this storm, which was in the Harquahala Mountains, 16 km 
southwest of Aguila (AGLA) in Fig. 3 (off the map).  These mountains form an isolated 
southwest-northeast oriented range, with a peak elevation of 1.74 km.  This orientation was 
optimal for barrier-perpendicular upslope flow. 
 
Cushmeer (1999) performed an in-depth analysis of the performance of the WSR-88D at Yuma, 
Arizona (KYUX) during the TS Nora event.  This analysis was focused on southwest Arizona,  
to  the south of our study area.  Nevertheless, this paper revealed that there was considerable 
underestimation of radar QPEs by the WSR-88D’s Precipitation Processing Subsystem (PPS) in 
the tropical precipitation in the western third of the state.  This underestimation occurred despite 
application of the NWS tropical Z-R relationship, which is intended to diminish underestimation 
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Figure 3. Topographic map of region surrounding Santa Maria basin, which is outlined in red.  Color 
scale for elevations (in feet) is at left.  State boundaries are thick black lines and county lines are thin 
black.  Other (USGS 8-digit HUC) basin boundaries are in yellow. 

 
by the default Z-R relationship (Z = 300 R1.4) that is normally in effect.  The author cited drop 
breakup into small drops with low reflectivities as a likely cause for the underestimation.  In this 
study we intend to apply the tropical relationship as a starting point for the KFSX QPEs, but we 
will use Reclamation’s PAA (with G/R bias) rather than the PPS estimates for a more accurate 
input precipitation field. 
 
Flooding, flash flooding, and urban flooding occurred in and near Bagdad, Prescott, Aguila, and 
north of Wickenberg.  The flooding and rock or mudslides closed several roads in and around 
these communities on the 25th and 26th.  The flooding at Aguila was aided by the bursting of an 
earthen dike.  The daily mean flow at the Santa Maria River gauge increased from zero on the 
24th to 69 cfs on the 25th to 1910 cfs on the 26th.  Apparently the gauge either malfunctioned or 
was swept away by the river after that, as the discharge had to be estimated by the USGS for the  
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Figure 4.  Peak streamflow for each year at the Santa Maria stream gauge for the given 
period of record.  Courtesy U.S. Geological Survey. 
 

 

 
Figure 5.  Track of tropical cyclone Nora, with
strength categories and positions as indicated in
legend.  Nora is number 14.  Courtesy National
Hurricane Center. 
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Figure 6.  Isohyetal analysis (red contours) of rainfall amounts in inches (brown values), for period 
specified in title.  Precipitation gauge data for analysis are from all available reporting sites (brown 
triangles and drop icons, as in Fig. 2).  Heavy black line envelops Santa Maria basin.  Red icons with 
asterisks are active stream gauges, as in Fig. 2. 
 
next four days (the estimate was 450 cfs on the 27th).  The stream gauge on the Big Sandy River 
(USGS 09424450, labeled BS in Fig. 2) reported a daily mean discharge of 3510 cfs on the 26th.   
 

PLANS FOR RESEARCH AND APPLICATION OF TEST RESULTS 
 
As stated earlier, we intend to run both GSSHA and Vflo with identical GIS and radar QPE data 
input for this test case.  This will enable a fair comparison of the performance of the two models 
in the arid and topographically complex Santa Maria basin of western Arizona.  The two main 
objectives for this test are: 1) To assess if the models run sufficiently fast so as to produce output 
in near-real-time and 2) to see which model provides the more accurate stream flow hydrographs 
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when compared to the USGS stream gauge data.  To accomplish the latter, we will employ not 
only the Santa Maria River gauge but also the one on the Big Sandy River near Wikieup.  The 
Big Sandy is also an unregulated basin and is considered a backup to the Santa Maria for this 
test.  As seen in Fig. 2, the cooperative observing site just north of the Big Sandy stream gauge 
reveals that heavy rain also fell in this basin (2.62 inches in 24 hours ending 1200 UTC on the 
26th). 
 
The time it takes a distributed hydrologic model to execute a simulation is as important as the 
accuracy of its output hydrographs because of our intended application for the model.  This 
ultimate desired application is the coupling of a distributed model with a “live” WSR-88D data 
feed for near-real-time hydrographs of sidewash inflows to the Lower Colorado River, for 
operational use.  Heavy sidewash inflows can occur with widespread rainstorms such as tropical 
cyclones and cause unexpectedly high water volumes on the Colorado mainstem.  These volumes 
pose a problem for Reclamation’s water management in the numerous reservoirs along the 
mainstem.  It may even cause flooding, especially in the normally low-water, flood control 
season from January through July.  Rapidly updating hydrographs produced by a distributed 
model, which is capable of ingesting new WSR-88D radar volume scans every 5 or 6 minutes, 
would provide tremendous decision assistance to Reclamation’s water managers in the effective 
release of water from dams.  Such a system could easily be transported to other regions of the 
United States, since radar input would be available from the operational WSR-88D network 
deployed throughout the country. 
 
While the Santa Maria not a sidewash basin directly upstream from the Lower Colorado River, it 
is close to that river (Fig. 3) and has similar desert soil characteristics to the sidewash basins of 
concern.  The Santa Maria River, as noted previously, flows into the Bill Williams River.  The 
Bill Williams basin is therefore a potential major contributing inflow to the Lower Colorado.  
We chose not to make that our test basin because Alamo Dam regulates it, thus making basin 
flows difficult to simulate using the distributed models. 
 
Since the accuracy of any distributed hydrologic model is very dependent on the input 
precipitation field, Reclamation continues to seek improvements to radar QPEs.  The PAA 
represents a major progression toward that end, but the algorithm is still under testing and 
development.  We are currently engaged with the National Severe Storms Laboratory to develop 
and test a version of their Quantitative Precipitation Estimation and Segregation Using Multiple 
Sensors (QPE-SUMS) system (Gourley, 1998; Gourley et al. 2001), which is also operating in 
Arizona.  We intend to test both the PAA and QPE-SUMS in the hope to obtain the best possible 
radar QPE input for whatever distributed hydrologic model is implemented operationally as a 
water management tool. 
 
As mentioned in the first section, we intend to incorporate the radar QPE-driven distributed 
model into a generalized river management tool such as RiverWare.  The first step toward this 
incorporation will be done as part of Reclamation’s AWARDS/ET Toolbox system (Hartzell et 
al. 2000). 

 
ACKNOWLEDGMENTS 

 
This research is being funded by service agreements with Reclamation’s Technical Service 

 
9



Center, Science & Technology (S&T) program project No. WR01.01, Reclamation’s Lower 
Colorado regional office, S&T program, and Yuma Area Office. 
 
 

REFERENCES 
 
Crum, T.D., and R.L. Alberty, 1993, The WSR-88D and the WSR-88D Operational Support 

Facility. Bull. Amer. Meteor. Soc., 74, 1669-1687. 

Cushmeer, N., 1999, KYUX WSR-88D rainfall estimates during Tropical Storm Nora.  National 
Weather Service Western Region Technical Attachment No. 99-22, Salt Lake City, Utah.  
Also available online at http://www.wrh.noaa.gov/wrhq/99TAs/9922/index.html    

Downer, C.W., F.L. Ogden, W.D. Martin, and R.S. Harmon, 2002, Theory development, and 
applicability of the surface water hydrologic model CASC2D.  Hydrologic Processes, 16, 
255-275. 

Downer, C. W., B. E. Johnson, F. L. Ogden and E. A. Meselhe, 2000b, Advances in physically 
based hydrologic modeling with CASC2D, Proceedings of the EWRI Watershed 
Management 2000 Conference, ASCE. 

Gourley, J.J., 1998, Multiple sensor precipitation estimation over mountainous terrain.  M.S. 
thesis, School of Meteorology, University of Oklahoma, 142 pp. Also available online at 
http://www.nssl.noaa.gov/wrd/wish/qpe/gourleyThesis.pdf  

Gourley, J.J., J. Zhang, R.A. Maddox, C.M. Calvert, K.W. Howard, 2001, A Real-Time 
Precipitation Monitoring Algorithm - Quantitative Precipitation Estimation and 
Segregation Using Multiple Sensors (QPE SUMS). Preprints, Symp. on Precipitation 
Extremes: Prediction, Impacts, and Responses, Albuquerque, Amer. Meteor. Soc., 57-60. 

Hartzell, C.L., L.A. Brower, and S. Hansen, 2000, Agricultural Water Resources Decision 
Support System and Evapotranspiration Toolbox - Preprints, 16th Conference on 
Hydrology, 82nd Amer. Meteor. Soc. Annual Meeting, 13-17 January 2002, Orlando, FL, 
paper J9.4. 

Hunter, S.M., E.W. Holroyd III, and C.L. Hartzell, Improvements to the WSR-88D Snow 
Accumulation Algorithm - Preprints, 30th International Conference on Radar 
Meteorology, 19-24 July 2001, Munich, Germany, 716-718. 

Jones, A.T., B.E. Vieux, and M.D. Eilts, 1998, Aspects of calibrating a distributed rainfall-runoff 
model using WSR-88D rainfall estimates in the Illinois basin. 

Ogden, F.L., 1998, A Brief Description of the Hydrologic Model CASC2D.  Available online at 
http://www.engr.uconn.edu/~ogden/casc2d/casc2_desc.htm 

Ogden, F. L., 2000, CASC2D Reference manual, version 2.0, Department of Civil and 
Environmental Engineering, University of Connecticut. 

Rappaport, E.N., 1997, Preliminary Report, Hurricane Nora, 16-26 September 1997.  Available 
online at http://www.nhc.noaa.gov/1997nora.html 

Saghafian, B., P.Y. Julien, and F.L. Ogden, 1995, Similarity in catchment response 1. Stationary 
rainstorms:, Water Resources Research, AGU, Vol. 31, No. 6, pp. 1533-1541. 

 
10



Senerath, U. S., F.L. Ogden, C.W. Downer, H.O. Sharif, 2000, "On the calibration and 
verification of two-dimensional, distributed, Hortonian, continuous watershed models," 
Water Resources Res., 36(6), 1495-1510. 

Vieux, B.E., 2001a, Distributed Hydrologic Modeling Using GIS.  Kluwer Academic Publishers, 
293 pp. 

Vieux, B.E., 2001b, Radar Rainfall Applications in Hydrology. Chapter 11 in Bedient, P.B. and 
W.C. Huber, Hydrology and Floodplain Analysis, Addison-Wesley Publishing Co., 
Reading, Massachusetts, 3rd Edition. 

Vieux, B.E., 2002, Predictability of Flash Floods Using Distributed Parameter Physics-Based 
Models, Appendix B in: Report of a Workshop on Predictability and Limits to prediction 
in Hydrologic Systems. Committee on Hydrologic Science, National Research Council, 
National Academy Press, ISBN 0-309-08347-8, pp. 77-82. 

Vieux, B.E. and J.E. Vieux, 2002, Vflo™ A Real-time Distributed Hydrologic Model. 2nd 
Federal Interagency Hydrologic Modeling Conference, July 28-August 1, 2002, Las 
Vegas, Nevada (these proceedings). 

Zagona, E. A., T. J. Fulp, R. Shane, T. M. Magee, and H. M. Goranflo, 2001, RiverWare: A 
Generalized Tool for Complex Reservoir System Modeling.  Accepted for publication in 
the Journal of the American Water Resources Association; also online at 
http://cadswes.colorado.edu/PDF/RiverWare/generalizedTool.pdf  

 
11



 

1

ALTERNATIVE METHODS TO DETERMINE SHORTAGES AND NATURALIZED 
FLOWS 

 
Dave King, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, CO; Jeffrey Rieker, 

Hydraulic Engineer/Student Trainee, U.S. Bureau of Reclamation, Denver, CO 
 

Abstract:  The Bureau of Reclamation (Reclamation) needs to simulate operations of river systems 
to make effective operating and planning decisions for instream flows, downstream demands, and 
other water uses.  To simulate these operations, models usually use naturalized flows and ideal (non-
shorted) depletions.  Naturalized flows are  the basal hydrology or the flows that would exist if no 
human actions had occurred.  To estimate naturalized flows, hydrologists generally use gaged 
streamflow and estimated manmade depletions.  Depletion estimates should include shortages that 
occur due to insufficient water supply.   Estimation of shorted depletions is the primary variation 
from modeler to modeler.   

This project investigated existing ways of computing naturalized flows and shorted depletions 
including traditional Reclamation procedures and tested an approach that is better suited to use of 
naturalized flows in decision models.  A method that uses a modeling environment that is consistent 
with Reclamation decision models was developed to estimate naturalized flows and compute 
shortages. 
 

INTRODUCTION 
 
Basic Nomenclature:  Usually, computation of naturalized flows is a basic accounting procedure.  
The fundamental equation to compute natural flows is: 
 
Natural Flow = Historic (Gaged) Flow 

+ Depletion 
+ Export 
 - Import 
+ Change In Reservoir Storage 
+ Reservoir Evaporation 

 
Typically, naturalized flows are computed at United States Geological Survey (USGS) streamflow 
gages for the gage’s available period of record or the study period of interest.  Flow and streamflow 
are used synonymously in this report.  Changes in reservoir storage are usually recorded at larger 
reservoirs.  Reservoir evaporation is either recorded or estimated as are exports and imports.  
Depletion is estimated by a number of ways as discussed below.  Depletion is used synonymously 
with consumptive use in this report.  Depletion implies shorted or actual depletion unless modified 
by the word “ideal” where ideal is the non-shorted theoretical depletion. 
 
Shortage is ideal depletion minus actual depletion.  In many areas, the only significant shortages that 
occur are those to irrigated agriculture.   The only shortage computations discussed in this report are 
those associated with irrigated agriculture depletions. 
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SHORTAGES AND NATURALIZED FLOWS 
 
Literature Review:  An investigation into naturalized flow calculations revealed that the most 
commonly used approach is generally consistent with the accounting method.  Various methods for 
determining naturalized streamflow were investigated by the Texas Natural Resource Conservation 
Commission (TNRCC) (1997).  TNRCC reported that the traditional accounting method was found 
to be a relatively standardized and preferred method.  This method is similar to those utilized in 
many naturalized flow studies completed for river basins in Nebraska and South Dakota (Sando, 
1991) and in New Mexico (Risser, 1982) (Fischer and Borland,1983).  This approach is consistent 
with Reclamation procedures in the Upper Colorado River basin.  The accounting method was 
outlined in a comparable fashion in a report written for a seminar of the Department of Sanitary 
Engineering and Water Resources at Johns Hopkins University (Carbaugh, et al., 1960). 
 
The literature investigation found that a wide variety of methods have been used for estimating 
historic water shortages.  Although the TNRCC report does not directly deal with shortages, it does 
suggest that in the event that “no water use records associated with a water right of record” are 
available or the “reported use amount is in doubt,” a value of zero should be used in the place of the 
consumptive water use.  The reasoning behind this approach is to “minimize the possibility of 
overestimating the naturalized flows by adding in a quantity of water that never occurred.”  In 
contrast, the naturalized streamflow estimation of the Rio San Jose in New Mexico (Risser,1982) 
dealt with the shortages by allowing the full flow of water in the stream to be utilized for irrigation 
in the event that the estimated irrigation requirement exceeds the monthly streamflow.   
 
A compromise between the two extremes is presented in the estimation of naturalized streamflow for 
the White River in Nebraska and South Dakota by Sando (Sando, 1991). Due to the fact that 
shortages in the White River generally occur in the later part of the irrigation season, estimated 
irrigation requirements are met until a pre-defined cutoff date is reached.  The cutoff date for a 
particular year is set based on the percentage of average annual streamflow experienced in that 
particular year.  After the cutoff date, irrigation requests on tributary streams are set to zero, whereas 
irrigation requests on the main stem of the river are reduced to various fractions of the full estimated 
request. 
 
A cutoff date approach was also developed by the “Upper Colorado Comprehensive Framework 
Study” (Upper Colorado Region State-Federal Interagency Group, 1971).  This method, called the 
“Type I” analysis, is based on extensive field investigations undertaken by Reclamation and the Soil 
Conservation Service (SCS - now called Natural Resources Conservation Service (NRCS)) in the 
late 1960's.  Crop and streamflow data were used to establish cutoff streamflows for alfalfa and 
pasture at reference gages.  The date that the daily flow at a reference gage fell below cutoff flow for 
the given crop, the crop is assumed to be fully shorted for the remainder of the irrigation season.  
Shorted depletion is a function of ideal depletion for all crops and the cutoff dates for shorted crops. 
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When measured or estimated headgate diversions are available, it is possible to compute the shorted 
depletion as a function of the diversion as: 
 

depletion = system efficiency * headgate diversion 
 
where system efficiency is the amount of water effectively used by crops as a function of headgate 
delivery.  This approach introduces a circular referencing situation in that system efficiency is often 
estimated as a function of ideal depletion and headgate diversion. 
 
Another approach to estimating shortages is to use a rule of thumb.  For instance, it may be known 
from experience or data that an area is traditionally water shorted if the available supply is less than 
a specified amount per acre of irrigated area. 
 
Existing Technical Alternatives:  Although the accounting procedure is generally used to compute 
naturalized flows, the actual technology used to compute the values varies considerably, ranging 
from spreadsheets to basin specific computer programs to generalized computer programs.  The 
scale of the model also varies considerably from case to case.  Finally, the approach to computing 
shortages varies considerably as discussed above.  The computation of shortages is also affected by 
the modeling system, also called the node system. Historically, two basic node systems have been 
employed.   
 
The aggregated node system, also called the “black box” node system, views a natural flow node as 
a container that has properties at the boundaries of the box as shown on figure 1.  The user only has 
to provide data at the boundaries of the box.  These include actual imports and exports as well as 
gage bypasses (flows that bypass the reference gage but do not actually leave the basin).  Shorted 
depletion is just another extraction from the box.  The inflow and outflow through the boundaries of 
the box usually correspond to a recorded streamflow gage. 
 
The disaggregated system, also called the discrete nodal system or “stick model” represents all 
elements of the natural flow equations explicitly as shown on figure 2.   This approach necessarily 
requires considerably more data than the black box approach but can lead to better estimates of 
naturalized flows if measured data are available.  In practice, because recorded streamflow gages are 
still the primary reference points, this system employs a blend of the black box and stick model 
system.  In a blended system, naturalized flow between references gages, also called the gain, is 
computed.  Then the gain is distributed to discrete points by a standard procedure.   A distribution 
procedure employed by Colorado Water Conservation Board’s StateMod model (Colorado Water 
Conservation Board, 1999) computes the distributed flows as a function of the total gain, elevation, 
and precipitation.  StateMod is one of numerous software modules in the Colorado Decision Support 
System (CDSS). 
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A discrete model has the advantage of providing return flow from upstream depletions as additional 
supply to downstream depletions.  Better results are obtained if return flows are lagged or routed.  
StateMod provides the ability to lag return flows using the impulse response method. 
 
Once naturalized flows have been computed for recorded periods, it is often desirable to extend the 
record of the flows for missing periods to improve the available data set for use in decision models.  
Data extension methods are beyond the scope of this study but it should be noted that historically, 
regression has been the primary data extension method.  CDSS uses the USGS Mixed Station 
method to extend data. 
 
Study Technical Alternatives:  Traditionally, Reclamation has used spreadsheets or site specific 
models to compute naturalized flows.  Oftentimes, the natural flow models did not correspond to the 
decision models by technology or node system.  In the early 1990’s, Reclamation became a partner 
in development of a generalized modeling system called RiverWare (Zagona, et al, 2001).  Since the 
majority of new decision models being built by Reclamation utilize RiverWare, this study focused 
on a way to use RiverWare to compute naturalized flows. 
 
For the most part, using RiverWare to compute naturalized flows was not a technical issue in a 
mathematical sense.  RiverWare is essentially a mass balance computer that can be configured 
spatially, temporally, and computationally with considerable flexibility.  Computation procedures 
can be extended interactively to some extent.  The primary attraction of using RiverWare to compute 
naturalized flows was that it offered node and method consistency between the naturalized flow 
model and the decision model and the opportunity to reduce data management requirements. 
 
Because StateMod models and data are being using by Reclamation in the San Juan River basin of 
southwestern Colorado, a RiverWare model was built for a sub basin of the San Juan called the 
Piedra basin.  This provided the opportunity to compare computations of the two modeling systems.  
The Piedra RiverWare model corresponds to the StateMod model exactly in a mathematical sense.  
However, in application, the RiverWare model has additional nodes because RiverWare represents 
the hydrologic features differently. 
 
The Piedra basin has three USGS gages that existed at varying periods with little overlap between 
1909 and 1996.  CDSS computes naturalized flows for the gages and discrete nodes between the 
gages in a three-step process as: 
 

1. Compute naturalized flows at gages for available recorded streamflow data. 
2. Extend data of gage nodes to entire study period. 
3. Distribute extended naturalized flows to discrete nodes. 

 



 

6

The Piedra RiverWare model essentially used the same procedure.  This study used CDSS extended 
data for the second step because it was not feasible to do this step using RiverWare with available 
resources.  Table 1 provides a comparison of the CDSS, Type I, and RiverWare computed 
naturalized flows.  The Type I natural flows only exist for the Arboles gage for 1975-1993.   The 
RiverWare computed natural flows are essentially the same as the CDSS natural flows on an average 
annual basis.  Monthly differences exist because RiverWare lags return flows as flows while CDSS 
lags return flows as volumes.  It should be noted that the Type I analysis includes an estimate of 
incidental losses which are depletions other than crop water use that are caused by irrigation 
deliveries. 
 
Method and Gage Annual Average Sum
 Acre-Feet 
RiverWare Ranger Station 84,676
CDSS Ranger Station 84,678
RiverWare Piedra 228,710
CDSS Piedra 228,715
RiverWare Arboles 304,033
CDSS Arboles 304,033
RiverWare Arboles 73-93 343,005
Type I Arboles 73-93 341,970

 
Differences 
Acre-Feet 

RiverWare - CDSS Ranger Station -2
RiverWare – CDSS Piedra -4
RiverWare – CDSS Arboles 0
RiverWare - Type I Arboles 1,035
 
Table 1.  Comparison of Various Naturalized Flow Methods for the Piedra River. 
 
The study also investigated an alternative to the StateMod flow distribution process.  StateMod 
distributes gage node natural gains to discrete nodes as a function of area and precipitation.  It 
provides no check to ensure that historic diversions at the nodes are met by the distributed natural 
flows.  This approach can introduce localized mass balance errors.  Using RiverWare, this study 
showed that is possible to add a check to historic diversions which maintains localized mass balance. 
 Overall mass balance was provided by computing the gain at the gage reach as the total gain less the 
sum of all upstream distributed natural flows.  Inclusion of this correction reach is a reasonable 
approach that does not appear to introduce inappropriate negative gains. 
 
Summary and Conclusions:  Although a number of approaches can be used to compute naturalized 
flows, some approaches are better than others.  Based upon experience and knowledge obtained 
during this study, the following conclusions and recommendations are made: 
 
1.  Use a nodal system appropriate to available data and to intended use of data. 
2.  Use all available measured flows and extend naturalized flows for missing periods. 
3.  Use depletion categories and aggregations consistent with the decision model. 
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4.  Use GIS to improve knowledge of return flow distribution and basic hydrology. 
5.  RiverWare is a viable tool for computing naturalized flows.  However, RiverWare needs to be 
enhanced to support data extensions. 
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Abstract 
 

Model Parameter Estimation Experiment (MOPEX) was funded by NOAA Office 
of Global Programs to investigate techniques for the a priori parameter estimation of 
hydrologic models and land surface parameterization schemes used in atmospheric 
models. A major step is to assemble the necessary hydrometeorological data and the 
associated land surface characteristics data. A comprehensive database has been 
developed by the MOPEX project that contains historical hydrometeorological time 
series data and land surface characteristics data for many basins in the United States and 
in other countries. A number of international MOPEX workshops have been convened or 
planned for MOPEX. The Second International MOPEX Workshop was held in Tucson, 
Arizona, April 8-10, 2002. This workshop was designed to bring together interested US 
and international hydrologists and land surface modelers to exchange experience in 
developing techniques for a priori estimation and calibration of hydrologic model 
parameters. Participants of the MOPEX project were given data for 12 basins selected in 
the Southeastern United States and were asked to carry out a set of numerical 
experiments using a priori parameters as well as calibrated parameters developed for their 
respective hydrologic models. More than 30 scientists from 8 countries directly 
participated in the workshop and a few more have submitted results of their hydrologic 
model simulations to the workshop. The preliminary results from the workshop are 
summarized in this paper. Due to preliminary nature of the results, only a brief analysis 
was conducted to understand the differences in the results from various models. More 
complete results must be obtained and further analysis should be done in the future to 
help MOPEX participants to enhance their parameter estimation procedures. The paper 
will conclude with a discussion of further work and future strategy. 
   

1.  INTRODUCTION 
 

A critical step in applying a hydrologic model to a watershed or a land surface 
parameterization scheme (LSPS) of an atmospheric model to a specific grid element is to 
estimate the coefficients or constants in the model or LSPS known as parameters. These 
parameters are inherent in every model.  They vary spatially so they are unique to each 
watershed or a grid point.  Some model parameters may also vary seasonally as well as 
spatially. How to estimate model parameters has been receiving increasing attention from 
the hydrology and land surface modeling community.  

Presently a priori relationships linking model parameters and land surface 
characteristics such as soil and vegetation classes are available for many hydrologic 
models and LSPSs. But these relationships have not been fully validated through rigorous 



testing using retrospective hydrometeorological data and corresponding land surface 
characteristics data.  This is partly because the necessary database needed for such testing 
has not been available. Moreover, there is a gap in our understanding of the links between 
model parameters and the land surface characteristics. Generally available information 
about soils (e.g., texture) and vegetation (e.g., type or vegetation index) only indirectly 
relates to model parameters such as hydraulic properties of soils and rooting depths of 
vegetation. Also it is not clear how heterogeneity associated with spatial land surface 
characteristics data affects those characteristics at the scale of a basin or a grid cell. 
Consequently, there is a considerable degree of uncertainty associated with the 
parameters given by existing a priori procedures.  

Recent studies have illustrated clearly that existing a priori parameter estimation 
procedures do not produce proper parameter values and that improper model parameters 
result in poor model performance (see Liston et al, 1994; Duan et al., 1995). Figure 1 
shows modeled partition of annual runoff and evapotranspiration for many different land 
surface models (LSMs) participated in the Project for Intercomparison of Land-surface 
Parameterization Schemes Phase 2c (PILPS-2c) (Wood et al., 1998). These LSMs were 
driven by the same meteorological forcing data. More interestingly, they were required to 
prescribe the same values for commonly named parameters such as soil hydraulic 
properties and vegetation phenology parameters. The large scattering of model 
performance can be partly be explained by the uncertainty in the values of the best 
parameters to use in each model. Liston et al. (1994) conducted a study of runoff 
produced by the VIC LSM in the Mississippi River basin. They compared runoff 
simulation using default (a priori) parameters as prescribed by VIC and using parameters 
that were partially tuned.  Their conclusion is that partially tuned parameters produced 
much more realistic runoff simulation when compared to observed runoff (see Figure 2).  

Clearly there is a need to improve the existing a priori parameter estimation 
procedure. A project known as Model Parameter Estimation Experiment (MOPEX) has 
been funded by NOAA Office of Global Programs to investigate techniques for the a 

Figure 2Comparison of streamflow simulation using a 
priori and tuned parameters 

Figure 1 Summary of PILPS-2c Results: 
Mean Annual Runoff/Evapotranspiration 
Partition



priori estimation of the parameters used 
in land surface parameterization schemes 
of atmospheric models and in 
hydrological models. A first major step 
by MOPEX project is the development of 
a comprehensive database that contains 
many years of historical 
hydrometeorological time series and land 
surface characteristics data for many 
basins in the United States and from other 
countries. MOPEX project has been truly 
an international collaborative effort with 
involvement of international scientists 
and data assembled from different 
countries.  Two international workshops 
on MOPEX have been convened to date. 
First one was held in July 1999, as a part 
of International Union of Geodesy and 
Geophysics (IUGG) 21st General 
Assembly in Birmingham, England. The 
second workshop, co-sponsored by 

National Weather Service Hydrology Laboratory and by National Science Foundation 
Center for Sustainability of semi-Arid Hydrology and Riparian Areas (SAHRA) at the 
University of Arizona, was held in Tucson, Arizona, in April 2002. A third MOPEX 
workshop is scheduled for July 2003, in Sapporo, Japan, as a part of the 22nd IUGG 
General Assembly.  

The 
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Figure 3 MOPEX Implementation Strategy

Tucson Workshop was designed to bring together interested US and 
interna

2. MODEL PARAMETER ESTIMATION EXPERIMENT STRATEGY 

he first step of the MOPEX strategy is to develop the necessary data sets.  The 
strategy

tional hydrologists and land surface modellers to share experience in estimation of 
hydrologic model parameters. A set of numerical experiments was constructed. The 
MOPEX participants were given data for 12 basins selected in the Southeastern quadrant 
of the United States. Numerical test results from different modeling groups were 
assembled prior to the workshop. This paper summarizes the preliminary results from the 
workshop. The paper is organized as follows. First the MOPEX implementation strategy 
is presented. Then a discussion is given to the Tucson MOPEX workshop objectives and 
numerical experiment design. The data sets assembled for the workshop are described 
afterwards. Due to the preliminary nature of the results, only a brief analysis of the results 
is conducted to understand the differences in the results from different models. Finally, 
further work and future strategy are discussed. 
 

 
T
 is then to use these data to study individual models using three parallel paths 

illustrated in Figure 3.  The first path is to make control runs with model parameters 
estimated using existing a priori parameter estimation procedures.  The second path is to 
make model runs using calibrated or tuned values of selected model parameters.  Then, 



relationships are developed between the calibrated parameters and basin climate, soils, 
vegetation and topographic characteristics.  These relationships are used to define the 
new a priori parameters.  The third path is to make new model runs using the new a 
priori parameter estimates. Achievement of the parameter estimation goal is then 
established in two steps.  The first is to measure how much of the potential improvement 
in model performance when operated in calibration path is obtained when the model is 
operated using new a priori parameters.  This step uses the same data sets as were used to 
develop the new a priori parameter estimates.   The second step is to demonstrate that 
new a priori techniques produce better model results than existing a priori techniques for 
basins not used to develop the new a priori techniques. The outcome of this step has very 
strong implications for the Predictions for Ungaged Basins (PUBs), a major initiative 
undertaken in the International Association of Hydrological Sciences (IAHS). 

The MOPEX Project has assembled hydrometeorological data as well as land 
surface

matic 
procedu

roved a priori parameter 
estimat

calibration results are satisfactory. 

 characteristics data that are needed to implement its parameter estimation 
strategy. Data from many basins in the United States and other parts of the world are 
being assembled.  These basins cover a wide variety of climates. They are selected such 
that rain-gauge density of the basins must be above the minimum established by an 
empirical equation (Schaake et al., 2000). Also a minimum of 10 years of data is required 
for all basins.  A later section describes the data set used for the Tucson workshop. 

A major effort in implementing the MOPEX strategy is to develop a syste
re for automatic calibration of selected model parameters and to apply this 

procedure to a large number of basins in different climatological and hydrologic settings.  
Then, empirical relationships will be sought between the parameters and various 
characteristics of soils, vegetation and climate. Much progress has been made in the area 
of model calibration. Duan et al. (1994) developed a robust method for optimum 
estimation of model parameters. Yapo et al. (1997) and Gupta et al. (1999) have extended 
Duan’s approach in the context of multi-objective theory. For more on the state-of-the-art 
on model calibration, readers are referred to Duan et al. (2002). 

Numerous studies have been directed at developing imp
ion procedures for selected hydrologic models and LSPSs (Abdulla et al, 1996; 

Koren et al., 2000; Duan et al., 2001). Abdulla et al. (1996) developed regional equations 
for the parameters of the VIC-2L LSM for the Arkansas-Red River Basins. This was 
done by calibrating the VIC model to historical hydrometeorological data. The calibrated 
parameters were then correlated to land surface characteristics data such as soil attributes, 
climatological and topographic characteristics. Duan et al. (1996) used a similar 
procedure to regionalize the five parameters of the monthly Simple Water Balance 
(SWB) Model by correlating calibrated model parameters at 50 catchments in the 
southeast quadrant of the United States to local land surface characteristics. More 
recently Koren et al. (2000) developed an a priori parameter estimation procedure for the 
Sacramento Soil Moisture Accounting model (SAC-SMA) by relating the SAC model 
parameters to the 1 km resolution State Soil Geographic Database (STATSGO) and the 
Soil Conservation Service Curve Numbers. This procedure has shown to be reasonably 
successful based on studies on a few selected basins (Duan et al., 2001). Koren et al. 
(2002) have also demonstrated that the a priori parameters can be used to constrain 
automatic calibration to ensure that calibrated parameters are physically realistic and the 
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Figure 4. Location of MOPEX Test Basins



Figure 5 Ratios of annual hydrologic statistics 
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Figure 6 Climatic monthly precipitation and streamflow 

workshop held in Tucson, Arizona, hydrometeorological data as well as basin land 
surface characteristics data for 12 basins in the Southeastern quadrant of the United 
States were assembled. 

Figure 4 shows the location of the 12 basins. These basins represent a wide range 
of different climate, as indicated by the ratios of annual precipitation (P) and potential 
evapotranspiration (PE) in Figure 5. A high value for P/PE indicates wet climate and a 
low value dry climate. The climatic seasonal precipitation and streamflow distributions 
are shown in Figure 6. The hydrometeorological data sets prepared for the workshop 
included hourly mean areal precipitation, daily streamflow, climatic daily potential 
evapotranspiration. Also included are hourly meteorolological forcing developed by the 
University of Washington (Maurer et al., 2001). The historical data periods cover from 
1960 to 1998. 
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The land surface characteristics data sets include 1 km soil type data from the 
STATSGO data set (Miller and White, 1999), the 1 km vegetation type, 5-min greenness 
fraction data and others. Figures 7 and 8 show the vegetation type and soil type 
distributions of the 12 basins. A number of different vegetation and soil type are 
represented.  For more information about the data included for MOPEX, refer to Duan et 
al. (2001). 

Figure 7 Distribution of vegetation type 
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Figure 8 Distribution of soil type



4. PRELIMINARY RESULTS FROM MOPEX NUMERICAL EXPERIMENTS  
 

More than 30 scientists from 8 countries participated in the Tucson workshop. A 
few additional groups submitted MOPEX numerical experiment results to MOPEX 
project prior to the workshop. Table 1 lists the participating models. 
 

Table 1. Participating models and modeling agencies 
Model Names Model Agencies 

Simple Water Balance (SWB)  NWS 
Sacramento (SAC) NWS, U. of Alberta 
ISBA Meteor-France 
SWAP Russian 
VIC  Princeton U. 
PRMS USGS 
NOAH NWS HL/NCEP 
BTOPMC Japan 
HBV The Netherlands 

 
This paper gives only a preliminary analysis of the results. This is because the 

submitted results are not complete at this point. For this reason the results presented 
below do not list the models explicitly. A more complete analysis will be done in the 
future when more complete results are collected. 
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parameters are used. 



Calibration Runoff Estimates
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Figure 10. Comparison of simulated and observed streamflow when calibrated 
parameters are used. 

Figures 9-11 compare the simulated annual streamflow totals to observed annual 
streamflow totals. Figure 9 summarize the results for the numerical experiments where a 
priori parameters are used. Figure 10 shows the results for calibrated parameters for the 
calibration period only, while Figure 11 shows the results for calibrated parameters for 
the verification period. These results indicate that different hydrologic models generate 
different results. For all models, a priori parameters cannot provide consistently good 
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Figure 11 Comparison of simulate and observed annual streamflow for verification 
period. 



simulation of annual streamflow totals for all basins. On the other hand, calibration can 
drastically improve the a priori results. With the calibrated parameters, verification 
results are also very good in capturing annual streamflow totals. 
 

5. FURTHER RESEARCH AND FUTURE DIRECTIONS 
 

We have presented a brief analysis of the preliminary results from different 
modeling groups.  It is worthy to point that, due to the preliminary nature of these results, 
more complete results must be obtained and further analysis must be carried out for us to 
understand the differences in model performance. Still, these results confirm our earlier 
statements that the existing a priori parameter estimation procedures are problematic and 
must be improved.  Calibration can help to achieve this objective. Much research needs to 
be done to understand how model parameters are related to basin land surface 
characteristics. Further, how to use the calibrated results for improve a priori parameters 
is still not clear and this issue needs to be looked at. Different modeling groups can learn 
from each other because many model parameters have similar physical interpretations 
and should have similarity in space-time patterns. 

One issue that has not been examined in the workshop is the parameter 
transferability issue. This issue is very important for Predictions for Ungaged Basins 
(PUBs) and for application in land surface parameterization schemes. To study 
transferability issue, data from a wide range of climatic conditions should be used.  The 
MOPEX project has assembled data from many different countries. These data should be 
used to test enhanced a priori parameters. 

One of the driving forces behind the progress in parameter estimation research is 
the increasing array of data sources, including satellite and other advanced observational 
technologies. With the new sources of data, it is important to investigate the ways to 
maximize the use of high resolution spatio-temperal information. Meanwhile the issue of 
uncertainty attributed to data errors should be addressed. 

Any improvement in parameter estimation procedures must be tied to how we 
represent the physical processes. As our knowledge of the physical processes advance, 
more complicated distributed hydrologic models emerge. This will bring more challenge 
to us in terms of parameter estimation and model calibration.  

The third international workshop on MOPEX has been scheduled for July 2003, 
in Sapporo, Japan, as a part of the 22nd General Assembly of IUGG. Much of the work 
cited above will be already carried out and reported by MOPEX project participants. 
With a true collaborative spirit by international scientists, enhanced a priori parameter 
estimation should be available to us. This in turn should result in improved skills in 
hydrologic predictions. 
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Methodology of identification of non-linear regressions by modified 
least squares criterion 

 
1Kachiashvili K.J., Melikdzhanian D.Y. 

 
Abstract 

    The questions connected to a problem of identification of nonlinear functional 
dependences are considered. The methods allowing to reduce number of parameters in 
relation to which the regression function is nonlinear are offered, and also to determine 
initial intervals for search of parameters of approximation with use of iterative 
algorithms. The formulas for definition of a confidential interval of presence of required 
parameters of nonlinear regression dependence are deduced. The received results are 
illustrated on concrete examples. 

 
   General technique of identification of non-linear regression relations below is offered, 
which one is designed with the purpose of overcoming two basic difficulties not only 
regression analysis, but also all modern mathematics: non-linearity and 
multidimensionality of a problem. The universal algorithm of optimum definition of 
areas of finding of unknown values of parameters of regression models is designed 
where are contained these unknown parameters with probability close to unit. On 
successful finding of these areas depend quality of activity and outcomes of iteration 
search algorithms of extremum of criterion of identification. The given methodology is 
suitable for the rather broad class of non-linear regression models at classic regression 
and passive experiment and at its qualified application, as against a customary non-linear 
parameter estimation, considerably reduces time indispensable for the solution of a 
problem for identification and provides given veracity. At some hardening of imposed 
limitations on nature of noise the obtained outcomes are just also at active experiment. 
   The problem of identification of regression relations is encompassed in following. It is 
supposed that between observed values x and y there is an unknown functional relations, 
which one is approximated by a function of the given class f(a1,...,am,x) on the basis of 
experimental data xi,yi, i=1,...,N, i.e. the verity of relation is supposed 
 yi = f(a1,…,am, xi) + ui , i = 1,…,N ,                        (1) 
where a1,...,am are unknowns factors, the values which one estimate on the basis of 
outcomes of observation xi,yi, i = 1,...,N; ui are random fluctuations with the 
characteristics M(ui) = 0, D(ui) = σi

2, cov(ui,uj) = Rij, i≠j, i,j = 1,...,N. 
   Values of parameters a1,...,am search so that the weighing sum of squares of 
discrepancies 
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receive minimum value; here λi are given weighting coefficients. The solution of the 
given optimization problem determines statistical estimations  of the conforming 
parameters (estimation of method of least squares). 

maa ˆ,...,ˆ1

   In a case, when the restored relation is linear in connection to parameters, searching of 
their statistical estimations is not difficult: the problem is reduced to the solution of a 
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system of m linear equations [Korolyuk V.S. (1985)]. If the relation of an approximating 
function from parameters is not linear, for the solution of a considered problem are used 
different iteration methods, including, when an approximating function f(a1,...,am, x) 
unsufficiently smooth, and its derivatives receive large values in a area of definition of 
parameters a1,...,am, are used iteration algorithms without usage of derivatives, including 
algorithm Huk and Jivce [Primak A.V. (1991), Bazara M. (1982)]. At application of these 
algorithms there are handicappings, bound up with necessity of exact selection of search 
areas of parameters, since on it essentially depends time of calculus and a veracity of 
received outcomes. 
   The marked complexities of usage of iteration algorithms at definition of a minimum 
of a functional (2) appear the more essential, than more number of parameters from 
which one non-linearly depends  function. A method below is offered, which one often 
allows to reduce number of parameters, in relation to which one the approximating 
function is non-linear. 

f

   Let's allow, that the sequence of unknowns parameters of  function can be divided 
into two groups 

f

[a1,...,am] = [A1,...,Ar, C1,...,Cn] 
(m = r + n) so that the approximating function was linear in relation to parameters 
A1,...,Ar, i.e. such submission is possible 
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   Then minimum value of (2) sums of discrepancies squares at fixed values C1,...,Cn is 
reached in a case, when the parameters A1,...,Ar  content to a system of simple equations 
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are factors dependent from C1,...,Cn. 
   Estimations of method of least squares of parameters C1,...,Cn can be determined 
miscellaneous to iteration methods, including the method Huk and Jivce, in which one 
minimizes a function Sv(C1,...,Cn), and estimation of parameters A1,...,Ar  find by the 
solution of a system of simple equations, and the given system is necessary to solve at 
each next calculate of Sv(C1,...,Cn) function. The iteration process is stoped, when the 
deviation between the adjacent computed values Sv is less than a given value. 
   At enough general conditions the least squares criterion, in which one is minimized a 
functional (2), can be exchanged by a modified least squares criterion, in which one the 
value is minimized 
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here g(y) is some eligible doubly differentiable function;  
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   Using an expansion formula of a function g (y) in a Taylor series in neighborhood of yi 
points and limiting by items about ui2, we shall receive 
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where vi are parameters, to answer requirements 0 < |vi| < |ui|. Therefore, at 
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takes place 
  S′=S⋅(1 + ε/2)2 ,                                      (4) 
where ε is a parameter which is meeting condition |ε| ≤ G . 
   The value S' by that approximates better S, than less value G, which one, with the 
party, depends on nature of a function g and values of random components ui . At given 
g and characteristics ui always it is possible to evaluate maximum error of an 
approaching (4) with given probability. The condition G << 1 is executed, if a function 

 is enough smooth, and if discrepancies uL are small enough. In many practical 
problems last condition happens executed. 

)(yg&

   The relation S'/S from standard deviations of discrepancies ui for different restored 
relations is shown in the table 1; in each of four of cases a) -d) the values of independent 
variable xj represent N of equidistant points from an interval [xmin, xmax] ; the 
discrepancies ui are independent normally distributed random variables with zero 
mathematical expectations and dispersions σ2; the tables are composed for different 
values σ/(ymax − ymin), where ymax and ymin are accordingly maximum and minimum 
values of a function f(xj). In a case d) g(y) = 1/y , in remaining cases g(y) = ln y . 
   In each concrete case a function g(.) is selected depending on an approximating 
function f(.) so that in its non-linearly was contained as small as possible of parameters, 
on which one the functional S' is minimized. 
   Finding of estimations non-linearly included in g(.) parameters implements by 
minimization of a functional S' by different iteration methods, for which one it is 
necessary to find intervals from areas of their definition, which one with probability unit 
are contained true values. 
   Let's designate defined vector of non-linearly entering parameters through 
c = (c1,...,cn), and search area of given parameters - through [Cн, Cв] . It is supposed, that 
the given area is the hyper parallelepiped, restricted by coordinates of vectors Cн, Cв . 
For convergence of algorithm, and also for minimization of an indispensable search time 
of estimations, the required area should be whenever possible small, thus the probability 
of presence in it of true value c should be close to unit. 
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   One of universal, not dependent from a concrete kind of a restored functional 
connection, methods of definition of intervals of looking up of approximating parameters 
estimations is the tendered below method, which one we call as a trial-and-error method. 
This method is universal and is applicable even when all parameters of model are 
included in it non-linearly, i.e. when the estimations of parameters are searched by direct 
minimization of criterion (2). 
   Set of all points (xj, yj), j=1,...,N , of plane (x, y), conforming to measured values, is 
divided on L of groups on n of points in each; here L is whole part of number N/n . For 
each of the data of groups, if it is possible, the interpolation of a function f(c1,...,cn, x) 
implements, i.e. such values of parameters c1,...,cn are determined, at which one the 
graph of the function f(c1,...,cn, x) passes through all n of points of considered group. The 
obtained thus sequence of c parameter values [c(1), c(2), ..., c(ν)] we call as sequence of 
tentative values of given parameter; each tentative value c(k) corresponds to one of 
groups of points (xj, yj), for which one the interpolation of a function f(c1,...,cn, x) is 
possible, i.e. the corresponding set of equations has the solution. Length of the given 
sequence, apparently, contents to a ratio 0 ≤ ν ≤ L. As borders of required area Cн and Cв 
supposed vectors the components which one are peer to minimum and maximum values 
of a conforming component of sequence of the vectors c(k), k = 1,...,ν. 
   Described method of definition of area [Cн, Cв], which one should belong to c 
parameter of approximating, gives satisfactory outcome, if number of sequents of 
tentative values of given parameter [c(1), c(2), ..., c(ν)] is great enough; the otherwise given 
method demands rectification. A described further method of definition of area [Cн, Cв] 
we call as a modified trial-and-error method. 
   Let's conduct reasoning for a unidimensional case, i.e. when a function f(.) non-linearly 
contains only one parameter. 
   Let Cmin  and Cmax are accordingly minimum and maximum tentative values of 
parameter c. The borders of a required interval are introduced by the way 

                                   Cн = Cmin − hν(α)⋅(Cmax − Cmin);                                         (5) 
                                   Cв = Cmax + Hν(α)⋅(Cmax − Cmin) , 
where the parameters h = hν(α) and H = Hν(α) are determined as the solution of 
equations 

                                                       
 (6) ( )( ) ;2/)1/()()(

0

1 αν ν =+Φ−Φ⋅⋅∫
∞

− duhuhuup

            
 ( )( ) ; 2/)()1()(

0

1 αν ν =−Φ−+−Φ⋅−⋅∫
∞

− duuHuHup

Φ(c) and p(c) are function and density distributions conforming c of a normalized 
random variable (c − c°)/σ; (1−α) is probability that in an interval [Cн, Cв] the true 
value of parameter is contained. 
 
 
The theorem 1. 
   Let's suppose, that sequence of tentative values [c(1), c(2), ..., c(ν)] can be considered as 
sampling conforming definite on an interval (−∞,∞) random variable  with 
mathematical expectation c°. Then definite by ratios (5), (6) the interval represents a 
confidence interval, to which one belongs to c  with a given probability level 1−α. 

c

   Here we give this theorem without proof. 
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   In case the distribution of a random variable c  is symmetrical, the equations (6) are 
equivalent, so that hν(α) = Hν(α). In the table 2 are shown the values of factors 
hν(α) = Hν(α) for different ν and α at a normal distribution of probabilities with an 
arbitrary dispersion.  
   At fixed α with increase of a sample size ν  the function hν(α) decreases and, since 
some value of ν, namely - at ν > log2(2/α) becomes negative. It means, that an interval 
[Cн, Cв], definite with the help of a modified trial-and-error method does not dilate the 
interval [Cmin, Cmax] and narrows down it. At ν→∞ hν(α) → −1/2. It means, that an 
interval [Cн, Cв] at ν→∞ degenerates in dot, located in middle of an interval 
[Cmin, Cmax].  
   From the table 2 apparent that to determine a search area of parameters which are non-
linearly included in an approximating function is possible even at ν = 2, but the increase 
ν narrows down required area and, thereby, reduces an indispensable burn-time of 
iteration algorithms of search estimations of parameters and increases veracity of 
received outcomes. Apparently, that than less search area, the less probability that in it, 
except a global minimum, is contained local minima of a S functional. 
   Let's consider the problem on distribution of tentative values of parameters of 
identification. Let values regression by a variable are peer yi = Yi + ui (i=1,...,N), where 
Yi are precise values of a restored function in a point xi; ui are independent normally 
distributed discrepancies with zero mathematical expectations and dispersions σi

2. 
   Each set of tentative values c1

(j),…, cn
(j) is the solution of a system of equations 

( ) , ...    ,,...,1    ),,...,1(    ; ,,..., 21
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1 nrJJJ
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n
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which one in a general view will be recorded so 
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                              (7) 
   If in right members of the data of ratio to substitute ,0...

1
=== JnJ uu  that tentative 

values c1
(j),..., cn

(j) will coincide with precise values c1°,..., cn° of the conforming 
parameters. Is decomposable functions fr−1, r=1,…,n, in neighborhoods  r=1,…,n, 
in a Taylor series and we shall be satisfied with items of the maiden order. Let's receive 

,
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   If to select so that they came on quasi linear segments of a function fr−1, 
r=1,…,n, the errors of approximating (8) will be to such a extend minimum, that in 
practical calculus they can be despised. The fact is obvious, that the rule of selection of 
points  r=1,…,n, depends on concrete kinds of a function (7) and varies from 
a problem to a problem. 

),(
rr JJ yx
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   Therefore, if the linear approaching of relation cr(j) from discrepancies is permissible, 
 is normally distributed random vector with mathematical expectation c° and dispersion 

matrix [Wjk], where 
c

.,...,1      ,
1

2 nj,rW
n

L
JkLjLjk L

== ∑
=

σμμ  

   The statistical distributions of parameters  will differ from normal when their 
relations (7) from points of interpolation essentially differ from linear. The degree of 

c

 5



non-linearity of the data of relations is determined of non-linear items in a Taylor series, 
and the basic contribution to non-linearity is introduced by quadratic items  
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   Therefore, as much as possible to approach distribution of parameter cr to normal, it is 
necessary to pick up points  r=1,…,n, so that a norm of a matrix [χjk(r)] was 
minimum. 

),(
rr JJ yx

   At justice of an approaching (8) hit probabilities of vector c in a hyperparallelepiped 
with borders [CH

i, CB
i], i = 1,…,n, is peer 

                    
.)

2
1exp(|det|)2( 12/12/ dXXWXWI T
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n
B

H

−−− −⋅= ∫ π                                (9) 

   If for each components of vector c a confidence coefficient we shall take close to unit, 
that, naturally, the probability (9) hits of vector c  in a confidence hyperparallelepiped too 
will be close to unit. At construction of a confidence hyperparallelepiped with guaranteed 
value of a confidence probability it is necessary to act as follows: to expand separately 
calculated of border of confidence intervals for each components of vector  so that took 
place I = 1 − α. For calculus of a multidimensional integral (9) it is possible to use a 
modified Monte-Carlo method [Primak A.V. (1991), Kachiashvili K.J. (1985)]. 

c

  Examples. 
   For an illustration of a modified trial-and-error method we shall consider as examples 
following functional connections: a) f(a,b,c,x) = a + b⋅ecx ; 
b) f(a,b,c,d,x) = a⋅ecx + b⋅edx ; c) f(h,a,b,c,d,x) = h + a⋅ecx + b⋅edx . In the table 3 are 
shown of value of number ν  and borders of intervals of looking up of parameters of 
approximating, from which one the restored function depends non-linearly, obtained by 
the unmodified and modified trial-and-error method. In each of three cases a)-c) the 
values of independent variable xj represents N of equidistant points from an interval 
[xmin, xmax]; discrepancies uj are independent normally distributed random variables with 
zero mathematical expectations and dispersions σ2; the tables are composed for different 
values σ/(ymax − ymin), where ymax  and ymin are accordingly maximum and minimum 
values of a function f(xj). 
   From the obtained outcomes is apparent, that retrieved intervals of looking up of true 
values of defined parameters of regression actually are contained these values and the 
intervals are narrowed down with decreasing of root-mean-square deviation of outcomes 
of observation of a dependent variable of regression. 
   At recovery of the reviewed functional connections, sampling which has been drawn 
up of tentative values of required parameters is possible to use for check of a hypothesis 
of a normality of distribution of these values. Let, as well as is higher, the values of 
independent variable preset in equidistant points from an interval [xmin, xmax]. On a fig. 1 
a) and b) are presented the charts of tentative values cj (on an abscissa axis are submitted 
number j ), accordingly, for restored relations a + b⋅ecx  and a⋅ecx + b⋅edx . In the first 
case are used the following input datas: a = 6,5; b = 2,5; c = 1,8; xmin = −0,5; 
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xmax = 2,5; N=760; σ/(ymax − ymin) = 0,1; thus the number of tentative values appears 
equal ν=154; in the second case the input datas are those: a = 6,5; b = 2,3; c = −1; 
d = 1,4; xmin = −2,5; xmax = 2,5; N=760; σ/(ymax − ymin) = 0,1; thus number of 
tentative values ν=92. 
   On a fig. 2 a) and b) the histograms conforming to the given sampling are shown. In 
both cases check of a normality of distribution of tentative values  by the criterions of 
chi-square, Kolmogorov-Smirnov and Omega-square gives affirmative outcomes. In 
particular, at criterion a chi-square for the maiden sampling value of statistics 
χ2 = 17,487, and the percentage points determining an acceptance region with a 
confidence probability 0,95 are peer, accordingly, χ2

α/2 = 3,2227 and χ2
1−α/2 = 20,481; for 

the second sampling the given value are peer χ2 = 13,343, χ2
α/2 = 1,6899 and 

χ2
1−α/2 = 16,013. 

c

   The offered above methodology of identification of curvilinear regressions are widely 
used in the designed writers application package of processing of the experimental 
information for IBM-compatible computers [Primak A.V. (1991), KachiashviIi K.J. 
(1995)] in section “Identification of functional connections”. The application of the 
given package at the solution of many practical problems from the most different 
practical and scientific areas, including modeling of rivers pollution, was demonstrated a 
universality, a regularity and reliability of a methodology [Primak A.V. (1991), 
Kachiashvili K.J. (1985), Kachiashvili K.J. (1998)]. 

 
The table 1. 

 
a)  f(a,b,c,d,x) = a⋅xb⋅ecx b)  f(a,b,c,d,x) = a⋅xb⋅ecx 

a = 6.240; b = 1.500; c = 1.300; a = 6.580; b = −5.000; c = 2.000. 
N = 100; xmin = 3.45; xmax = 4.0; N = 100; xmin = 1.15; xmax = 5.20; 
ymin = 3500; ymax = 9000. ymin = 10.000; ymax = 56.87. 
 
 

σ/(ymax−ymin) S0 S′/S0 σ/(ymax−ymin) S0 S′/S0 

0.10000 9.203⋅106 1.07102 0.10000 667.514 1.21663 

0.01000 92030.7 1.00715 0.01000 6.67514 1.02213 

0.00100 920.307 1.00072 0.00100 0.06675 1.00222 

0.00010 9.20307 1.00007 0.00010 0.00067 1.00022 
 
 
c)  f(a,b,c,d,x) = a⋅xc⋅ (1−bx)d d)  f(a,b,c,d,x) = 1/(a⋅ecx + b⋅edx) 
a = 4.500; b = 0.500; c = 2.300; d = 1.800. a = 6.500; b = 2.300; c = −1.000; d = 1.400. 
N = 100; xmin = 0.620; xmax = 1.90; N = 100; xmin = −0.75; xmax = 2.70; 
ymin = 0.090; ymax = 1.332. ymin = 0.010; ymax = 0.120. 
 
 

σ/(ymax−ymin) S0 S′/S0 σ/(ymax−ymin) S0 S′/S0 

0.10000 0.46931 1.14703 0.10000 0.00370 1.50605 
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0.01000 0.00469 1.01511 0.01000 0.00004 1.04229 

0.00100 0.00005 1.00151 0.00100 3.70⋅10−7 1.00415 

0.00010 4.69⋅10−7 1.00015 0.00010 3.70⋅10−9 1.00041 
 
 

Таблица 2. 
The values of the coefficients hN(α) 

α 
N 

0.1 0.05 0.02 0.01 0.005 0.002 0.001 

2  2.6569  5.8531  15.410  31.328  63.161  158.65  317.81 
3  0.3968  0.8133  1.6172  2.5129  3.7739  6.2700  9.0800 
4  0.0538  0.2385  0.5409  0.8313  1.1926  1.8128  2.4225 
5 −0.0784  0.0388  0.2133  0.3675  0.5467  0.8321  1.0934 
6 −0.1485 −0.0612  0.0609  0.1627  0.2758  0.4473  0.5974 
7 −0.1922 −0.1213 −0.0265  0.0493  0.1307  0.2498  0.3506 
8 −0.2224 −0.1616 −0.0830 −0.0222  0.0413  0.1316  0.2061 
9 −0.2445 −0.1906 −0.1227 −0.0715 −0.0191  0.0536  0.1122 
10 −0.2616 −0.2126 −0.1521 −0.1075 −0.0626 −0.0016  0.0467 
11 −0.2752 −0.2300 −0.1749 −0.1350 −0.0955 −0.0426 −0.0014 
12 −0.2863 −0.2441 −0.1932 −0.1568 −0.1212 −0.0743 −0.0383 
13 −0.2956 −0.2557 −0.2082 −0.1745 −0.1419 −0.0996 −0.0674 
14 −0.3035 −0.2656 −0.2207 −0.1892 −0.1590 −0.1202 −0.0910 
15 −0.3104 −0.2741 −0.2314 −0.2017 −0.1734 −0.1373 −0.1105 
16 −0.3164 −0.2815 −0.2406 −0.2124 −0.1856 −0.1518 −0.1269 
17 −0.3217 −0.2880 −0.2487 −0.2216 −0.1962 −0.1643 −0.1409 
18 −0.3264 −0.2937 −0.2558 −0.2298 −0.2055 −0.1751 −0.1531 
19 −0.3306 −0.2989 −0.2621 −0.2371 −0.2137 −0.1846 −0.1637 
20 −0.3345 −0.3035 −0.2678 −0.2436 −0.2210 −0.1931 −0.1730 
21 −0.3380 −0.3078 −0.2730 −0.2494 −0.2276 −0.2006 −0.1814 
22 −0.3412 −0.3116 −0.2777 −0.2547 −0.2335 −0.2074 −0.1888 
23 −0.3441 −0.3152 −0.2820 −0.2596 −0.2389 −0.2136 −0.1956 
24 −0.3468 −0.3184 −0.2859 −0.2640 −0.2438 −0.2192 −0.2017 
25 −0.3493 −0.3214 −0.2895 −0.2681 −0.2483 −0.2243 −0.2073 
26 −0.3516 −0.3242 −0.2929 −0.2718 −0.2525 −0.2290 −0.2125 
27 −0.3538 −0.3268 −0.2960 −0.2753 −0.2564 −0.2334 −0.2172 
28 −0.3559 −0.3293 −0.2989 −0.2786 −0.2600 −0.2374 −0.2216 
29 −0.3578 −0.3316 −0.3017 −0.2817 −0.2633 −0.2412 −0.2256 
30 −0.3596 −0.3337 −0.3042 −0.2845 −0.2665 −0.2447 −0.2294 
40 −0.3732 −0.3499 −0.3234 −0.3057 −0.2897 −0.2704 −0.2570 
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50 −0.3821 −0.3603 −0.3356 −0.3192 −0.3043 −0.2864 −0.2740 
60 −0.3884 −0.3678 −0.3444 −0.3288 −0.3146 −0.2976 −0.2859 
70 −0.3933 −0.3735 −0.3510 −0.3360 −0.3224 −0.3061 −0.2948 
80 −0.3971 −0.3781 −0.3563 −0.3418 −0.3286 −0.3127 −0.3018 
90 −0.4003 −0.3818 −0.3606 −0.3465 −0.3336 −0.3182 −0.3075 
100 −0.4030 −0.3849 −0.3643 −0.3504 −0.3379 −0.3228 −0.3123 
200 −0.4176 −0.4020 −0.3839 −0.3718 −0.3607 −0.3473 −0.3379 
300 −0.4243 −0.4097 −0.3929 −0.3815 −0.3710 −0.3584 −0.3495 

 
  

Таблица 3. 
 

a)  f(a,b,c,x) = a + b⋅ecx 
N = 100; xmin = −0.050; xmax = 2.500; ymin = 7.516; ymax = 238.5; 
a = 6.500; b = 2.500; c = 1.800. 
 

σ/(ymax−ymin) ν [cmin, cmax] [cH, cB] 

0.10000 29  [−0.249; 4.479]  [ 1.244; 2.987] 

0.01000 33  [ 1.541; 2.029]  [ 1.699; 1.871] 

0.00100 33  [ 1.772; 1.821]  [ 1.788; 1.805] 

0.00010 33  [ 1.797; 1.802]  [ 1.799; 1.800] 
 
 
b)  f(a,b,c,d,x) = a⋅ecx + b⋅edx 
N = 100; xmin = −2.000; xmax = 2.000; ymin = −39.75; ymax = 40.05; 
a = −5.400; b = 2.480; c = −1.000; d = 1.400. 
 
 

σ/(ymax−ymin) ν [cmin, cmax] [cH, cB] [dmin, dmax] [dH, dB] 

0.1000 23  [−3.599; 0.069]  [−2.507;−1.022]  [ 0.013; 2.452]  [ 0.739; 1.727]

0.0100 25  [−1.113;−0.934]  [−1.058;−0.989]  [ 1.221; 1.494]  [ 1.304; 1.411]

0.0010 25  [−1.011;−0.994]  [−1.006;−0.999]  [ 1.381; 1.409]  [ 1.390; 1.401]

0.0001 25  [−1.001;−0.999]  [−1.001;−1.000]  [ 1.398; 1.401]  [ 1.399; 1.400]
 
 
c)  f(h,a,b,c,d,x) = h + a⋅ecx + b⋅edx 
N = 100; xmin = −2.000; xmax = 2.000; ymin = −18.75; ymax = 61.05; 
h = 21.00; a = −5.400; b = 2.480; c = −1.000; d = 1.400. 
 

σ/(ymax−ymin) ν [cmin, cmax] [cH, cB] [dmin, dmax] [dH, dB] 
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0.1000 9  [−4.409;−0.195]  [−3.754;−0.851]  [ 0.726; 4.610]  [ 1.330; 4.006] 

0.0100 20  [−1.486;−0.668]  [−1.253;−0.901]  [ 0.883; 1.758]  [ 1.132; 1.509] 

0.0010 20  [−1.045;−0.964]  [−1.022;−0.987]  [ 1.338; 1.429]  [ 1.364; 1.403] 

0.0001 20  [−1.004;−0.996]  [−1.002;−0.999]  [ 1.394; 1.403]  [ 1.396; 1.400] 
 
 
 
 
 

 
 a) b) 
        
Fig. 1. Graph trial values of parameters . c

 
 a)      b) 
      
      Fig.3.2. Densities of distribution of probabilities of trial values of parameter c . 
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Abstract: Parameter estimation in rainfall-runoff models incorporates objective functions 
to minimize errors between simulated and observed runoff.  Traditional residual-based 
objective functions integrate measures of magnitude differences at specified discrete time 
intervals.  However, such functions tend to emphasize the effects of timing and 
magnitude errors even when the model is shown to reproduce the overall rainfall runoff 
relationship of the basin.  This study explores the potential use of two shape descriptors: 
the Rising Limb Density (RLD) and the Declining Limb Density (DLD), in parameter 
estimation of a rainfall runoff model. RLD and DLD, which describe the ratio between 
the number of peaks and cumulative time of rising or declining limbs of the hydrographs, 
respectively, were shown to capture the integrative nature of basins as they transform 
rainfall to runoff.  Nineteen mid-size (223-4790 km2) perennial headwater basins with 
long streamflow data were selected for the study.  The ability of RLD and DLD to 
capture intrinsic basin characteristics was underscored by their stability and uniqueness 
for the studied basins when calculated annually using daily mean flow values.  Two 
experiments were conducted to assess the sensitivity of the shape descriptors to model 
parameters.  In the Hydrological Model HYMOD, which is a simple 5-parameter linear 
reservoir model, shape descriptors were highly sensitive only to changes in the quick 
release parameter.  On the other hand, three categories of sensitivity were identified for 
the 13-parameter Soil Moisture Accounting SACRAMENTO model. 
 

INTRODUCTION 
 
Conceptual rainfall-runoff models attempt to describe the hydrological processes of 
interest at various scales.  While some model parameters can be related to physical 
properties, the majority cannot be inferred directly from measurements.  Consequently, 
the objective of parameter estimation in conceptual models is to identify a set of 
parameters that produce the best resemblance between observations and model 
predictions.  This resemblance can be measured by a wide variety of objective functions 
that integrate the deviations of model predictions from observations over the simulation 
time frame.  The selection of a particular objective function depends on the goal of the 
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hydrologic modeling exercise. Arguably, the subjective nature of such a choice forces the 
use of objective functions that reward specific model behavior as opposed to its ability to 
capture the overall behavior of the studied hydrologic system. 
 
Figure 1.  Rising Limb Density (RLD) and Declining Limb Density (DLD) calculation        

demonstration. 

 
 
The impact of the objective functions selection on streamflow simulation is well 
documented in hydrological literature (Diskin et al., 1977; Sorooshian and Dracup, 1980; 
Rao and Han, 1987; Gupta et al., 1998; and others).  Most objective functions were 
geared to accommodate engineering-oriented modeling practices.  For example, in 
attempting to predict floods, accurately modeling the magnitude and timing of high flow 
events outweighs the model’s ability to capture baseflow.  Thus, a hydrologic model, 
calibrated to accommodate the above-mentioned objective, lacks reliability as an 
investigative tool to study watershed behaviors other than those targeted during the 
calibration exercise.  This paper introduces shape descriptors as objective functions that 
incorporate the overall “long-term signature” of the watershed behavior in the parameter 
estimation process.  It is assumed that the resulting parameter sets will carry information 
regarding intrinsic basin characteristics, therefore providing further investigative 
capability to the calibrated model.  
 

HYDROGRAPH SHAPE DESCRIPTORS 
 
Morin et al., (2001) defined the watershed response time scale as the time required to 
aggregate precipitation so that the hyetograph and hydrograph are of similar shapes.  To 
provide an objective measure of shape similarity, they developed the peak density (PD) 
descriptor that assess measure the smoothness and shape of the hydrograph.  Applying 
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the PD concept to many rainfall runoff events over five small ephemeral basins (<150 
km2) representing different land uses, Morin et al., (2002) calculated a unique and stable 
response time scale for each of the five studied basins.  In this study, we extend the peak 
density concept by proposing two descriptors: the Rising Limb Density is similar to that 
proposed by Morin et al., (2002), and the second is the Declining Limb Density (Figure 
1).  RLD and DLD describe the ratio between the number of peaks and the cumulative 
time of the rising or declining limbs of the hydrographs, respectively.  For a given 
streamflow time series Qi,… Qn, i  = 1… n,  
 
 RLD = Npk / [TR ]  (1) 
 DLD = Npk / [TD]  (2) 
 
The temporal time scale (i.e., hourly, daily) is represented by (i), and Npk is the count of 
peak flows.  In the above analysis, a single peak is defined when Qi-1 < Qi > Qi+1, and TR 
is defined as the time during which Qi+1 > Qi and TD is the time during which Qi-1 < Qi. 
 
Conceptually, RLD and DLD provide a measure of the smoothness of a hydrograph. 
While the number of peaks depends, to a large extent, on the number and magnitude of 
precipitation events, RLD and DLD, when computed from a long time series, summarize 
the effects of many precipitation events, and therefore capture watershed characteristics 
that are relevant to transforming precipitation into streamflow.  
 
In the following, an evaluation of the above-mentioned shape descriptors is conducted to 
study their value in describing intrinsic characteristics of perennial mid-sized watersheds, 
and the utility of RLD and DLD as supplementary information in parameter estimation 
procedures is tested.  
 

EVALUATION OF THE SHAPE DESCRIPTORS AS BASIN SIGNATURES 
 
Data and Procedure: To test whether shape descriptors reveal information regarding 
rainfall/runoff relationships, only perennial watersheds were considered.  The selected 
basins had minimal flow regulation and represented various climatic regions.  Daily 
streamflow records for 19 mid-sized basins (223-4790 km2) with long (45-105 years) 
streamflow were acquired from the stream-gauging program of the U.S Geological 
Survey.  The records were marked as “provisional“, which indicates that they were not 
subjected to quality control procedures. As commonly practiced in operations and 
research, the provisional nature of the data was outweighed by the historical record’s 
length.  A list of 19 studied watersheds, together with the stream gauge location and 
record duration, is provided in Table 1. 
 
Results and Discussion:  For each water year (October 1-September 30), RLD and DLD 
were calculated for the 19 basins to obtain sample statistics.  The statistics are listed in 
Table 2, and graphical representations of the shape descriptors’ distributions are shown in 
Figure 2. 
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Table 1.  Characteristics of the Selected Basins 
No. Basins Record 

Years 
Area 
(km2) 

USGS No. Latitude Longitude 

1 Blackwater River at Davis, WV 1921-2000  223 03066000 39 07’ 37’’ 79 28’ 07’’ 
2 Tygart Valley at Dailey, WV 1915-1974 

1987-1999 
 479 03050000 38 48’ 33’’ 79 52’ 55’’ 

3 Minnesota River, Redwood River 
near Marshall, MN 

1940-2000  671 05315000 44 25’ 49’’ 95 50’ 43’’ 

4 French Broad River at Blantyre, NC 1920-2000  766 03443000 35 17’ 33’’ 82 37’ 26’’ 
5 Baron Fork at Eldon, OK 1948-2000  795 07197000 35 55’ 16’’ 94 50’ 18’’ 
6 Des Moines River, North River near 

Norwalk, IA 
1940-2000  904 05486000 41 27’ 25’’ 93 39’ 10’’ 

7 Des Moines River, Cedar Creek near 
Bussey, IA 

1947-2000  969 05489000 41 13’ 09’’ 92 54’ 38’’ 

8 Des Moines River, South River near 
Ackworth, IA 

1940-2000 1192 05487470 41 20’ 14’’ 93 29’ 10’’ 

9 Blue River at Blue, OK 1937-2000 1233 07332500 33 59’ 49’’ 96 14’ 27’’ 
10 Des Moines River, Middle River near 

Indianola, IA 
1940-2000 1302 05486490 41 25’ 27’’ 93 35’ 09’’ 

11 Illinois River at Watts, OK 1955-2000 1645 07195500 36 07’ 48’’ 94 34’ 19’’ 
12 Conasauga River at Tilton, GA 1937-2000 1778 02387000 34 40’ 00’’ 84 55’ 42’’ 
13 Leaf River near Collins, MS 1938-2000 1944 02472000 31 42’ 25’’ 89 24’ 25’’ 
14 White River at Noblesville, IN 1946-2000 2214 03349000 40 02’ 50’’ 86 01’ 00’’ 
15 Elk River at Tiff, MO 1939-2000 2251 07189000 36 37’ 53’’ 94 35’ 12’’ 
16 French Broad River at Asheville, NC 1895-2000 2446 03451500 35 36’ 33’’ 82 34’ 43’’ 
17 Illinois River at Tahlequah, OK 1935-2000 2484 07196500 35 55’ 22’’ 94 55’ 22’’ 
18 Minnesota River, Le Sueur River 

near Rapidan ,MN 
1939-1945 
1949-2000 

2848 05320500 44 06’ 40’’ 94 02’ 28’’ 

19 Flint River Culloden at Atlanta, GA 1940-2000 4790 02347500 32 43’ 17’’ 84 13’ 57’’ 
 
Because RLD and DLD were calculated from daily record without temporal 
disaggregation, their units are expressed in unit/day and range between [0-1].  A small 
value of RLD indicates that the average hydrograph rising time is relatively long. 
Similarly, longer average recession times are indicated by smaller DLD values.  For 
example, an RLD = 0.5 represents a 2-day average response, while for an RLD of 0.4 the 
response time scale is 2.5 days. Values closer to 1 correspond either with spatial and 
temporal variability of precipitation events within the watershed, or to a watershed 
response time that is shorter than the unit time of the data.  It is reasonable to claim that 
RLD and DLD provide an added measure of the watershed response characteristics, and 
therefore can be considered as candidates for objective functions.  
 
As seen in Table 2, which presents the sample statistics of the shape descriptors, the 
sample mean and median of the multi-years RLD and the DLD could not be distinguished 
at 2-digit precision (0.01 1/day).  The only exception was basin 7 (Cedar creek), where 
the difference between the sample mean and median for DLD was 0.0116 1/day.  In 
general, similarity between mean and median values indicates a central tendency 
behavior.  The coefficients of variation for the majority of the 19 studied basins were 
below 20%.  This indicates relatively small dispersion from the sample mean of the 
annual values of DLD.  In basins 3, 7, and 18, higher coefficients of variation were 
observed for both RLD and DLD, and for DLD only in basin 15.   
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Figure 2.  Distribution of annual shape descriptors (RLD and DLD) for the 19 basins 
analyzed.  Basins were sorted by increased basin area. 
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While frozen winter is a  basins 6, 8, and 10 have the same characteristics, and their 
dispersion measures (i.e., coefficient of variation) were smaller (0.17, 0.12, and 0.11, 
respectively). The higher variance might indicate seasonal variability of the shape 
descriptors.  
 
In Figure 2, solid lines represent the moment-based normal distribution corresponding to 
each basin.  Although some basin results clearly do not follow the normal distribution, 
the height and the spreading of the curve provide a visual display of the shape descriptors 
as basin signature.  As shown in Table 2, the basins in the figure were sorted by 
increasing basin size (223–4790 km2).  It appears that basin area alone cannot describe 
the variability in RLD and DLD. 

 

Table 2. Descriptive Statistics of the Annual RLD and DLD Calculation for the 19 Studied Basins.    
Basins Sorted by Area.  

 Rising Limb Density RLD (1/day) Declining Limb Density DLD (1/day) 
No. Mean Median Max Min SD CV Mean Median Max Min SD CV 
 1 0.486   0.486   0.583 0.393 0.034  0.072 0.233  0.233   0.303  0.153 0.024 0.103 
 2 0.484 0.487   0.596   0.400  0.041 0.085 0.211  0.211   0.289  0.170  0.023  0.108 
 3 0.316   0.317   0.471 0.152  0.069  0.218 0.184  0.186   0.362  0.08    0.061  0.328 
 4 0.534   0.533   0.626   0.425  0.069  0.069 0.241  0.240   0.343   0.189 0.028  0.117 
 5 0.398   0.395   0.523   0.213  0.069  0.173 0.113  0.114   0.155  0.079  0.018  0.157 
 6 0.339 0.337   0.449   0.231  0.051  0.149 0.177  0.174   0.286  0.115  0.031  0.178 
 7 0.413 0.423   0.692   0.156  0.128  0.310 0.195  0.183   0.437  0.061  0.061  0.313 
 8 0.437 0.432   0.553   0.230  0.052  0.118 0.218  0.211   0.301  0.165  0.034  0.157 
 9 0.466   0.466   0.605   0.395  0.045  0.097 0.201  0.195   0.347  0.139  0.036  0.177 
10 0.413 0.415   0.491   0.307  0.045  0.110 0.186  0.185   0.256  0.126  0.027  0.148 
11 0.450 0.458   0.535   0.287  0.052  0.114 0.175  0.165   0.270  0.110  0.033  0.190 
12 0.422 0.422   0.514   0.333  0.035  0.084 0.222  0.224   0.287  0.170  0.028  0.124 
13 0.376 0.377   0.462   0.267  0.038  0.100 0.179  0.175   0.250  0.145  0.021  0.120 
14 0.408 0.406   0.486   0.323  0.036  0.090 0.203  0.200   0.269  0.147  0.030  0.150 
15 0.365 0.365   0.667   0.197  0.096  0.190 0.118   0.112   0.333  0.071  0.069  0.300 
16 0.493   0.492   0.638   0.326  0.051  0.100 0.227  0.228   0.345  0.128  0.032  0.149 
17 0.362 0.364   0.486   0.212 0.056  0.150 0.134   0.131   0.204  0.081 0.025  0.187 
18 0.253 0.250   0.361   0.142 0.051  0.201 0.116  0.114   0.190  0.066  0.026  0.226 
19 0.394 0.394   0.484   0.314 0.037  0.093 0.184  0.184   0.228  0.138 0.020  0.111 

For instance, basins 1 (223 km2) and 16 (2446 km2) differ significantly in their area.  
However, both have a range of (mean ± standard deviation) with relatively small values 
for RLD (0.48+/-0.035, 0.49+/-0.051) and DLD (0.23+/-0.024, 0.23+/-0.032) for basins 1 
and 16, respectively. 
  
To date no relationship between shape descriptors and each of the basins properties 
considered herein, which include basin area, location, and the presence of winter snow, 
can be discerned.  Arguably, quantifying the relationship between basin characteristics 
and shape descriptors can facilitate regionalizing hydrological models for ungauged 
basins.  This requires further morphologic, topographic, land use/cover, and climatologic 
analyses, which are beyond the scope of this study.  
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EVALUATION OF SHAPE DESCRIPTORS AS OBJECTIVE FUNCTIONS IN 
CONCEPTUAL RAINFALL – RUNOFF MODELS 

 
Data and Procedure:  The value of the shape descriptor as objective functions was 
evaluated through a sensitivity analysis of the shape descriptors (RLD and DLD) to the 
parameters of two conceptual rainfall runoff models.  Twelve years of rainfall and runoff 
data from the Leaf River, located north of Collins, Mississippi, were used in the 
evaluation.  The first model was the Hydrological Model (HYMOD), a simple model that 
was developed for scientific evaluation procedure (Boyle 2001).  The second was the 
Sacramento Soil Moisture Accounting Model (SAC-SMA), currently used operationally 
by several of the National Weather Service River Forecast Centers (NWS-RFC) in the 
United States.  The following is a brief description the models. 
 
HYMOD: The model has five parameters that require calibration and consists of two 
parallel series of linear reservoirs.  A series of three identical reservoirs represent the 
quick flow and a single reservoir represents the slow flow release.  The following are the 
parameters to be calibrated: 
Cmax(L)- maximum storage capacity in the basin  
Bexp (-) spatial variability of soil-moisture distribution within the basin using the 
following equation: 
F(c)  = 1-(1-c(t)/Cmax)BEXP    for   0 =< c(t) <=Cmax 
ALPHA- flow distribution between the quick and the slow linear reservoirs 
Rq(t-1) residence time of the quick release reservoir 
Rs(t-1) residence time of the slow release reservoir 
 
Sacramento Model:  The model is well documented, and details can be found in 
Burnash (1973).  The model as it is currently used by the NWS requires calibration of 13 
parameters.  In general, it consists of a two-layer structure, where free and tension water 
storages in each layer interact to generate soil-moisture states and five runoff 
components.   
 
Monte Carlo Sampling: For each model, Monte Carlo simulations were performed by 
uniformly sampling model parameters independently from their reasonable ranges (Boyle 
et al., 2001).  For each sampled parameter vector, RLD and DLD were calculated 
annually using the simulated daily streamflow.  Differences between shape descriptors 
obtained from the simulated streamflow and those from measured streamflow were 
calculated, and the correlation coefficient of these differences with model parameters 
were derived and presented in Table 3.  To ensure adequate representation of the 
parameter space, 4000 and 40,000 parameter sets for the HYMOD and the SAC, were 
sampled respectively.  Similar results were obtained when repeating the procedure with 
different random seeds, which indicates the adequacy of the sample size for the 
corresponding model.  It should be noted that the large sample size also narrows the 
confidence interval of the correlation coefficient, leading to improved confidence in 
lower values of the coefficient.  While parameters are not expected to have linear 
relationships with shape descriptors, the statistical significance of small correlation 

 7



indicates sensitivity of the parameters to the shape descriptors.  The results of each of the 
two models are described next. 
 

RESULTS AND DISCUSSIONS 
 
HYMOD: The correlation coefficients between the five model parameters and change 
difference between observed and computed shape descriptors, hereinafter called objective 
function, are listed in Table 3.  Because the studied objective function represents a simple 
shifting of values, inferences from the correlation between model parameters and the 
objective function also apply to simulated RLD and DLD.  From Table 3, it is apparent 
that the quick release parameter (Rq) was highly correlated with the shape descriptors (R 
= 0.91 and 0.9 for the RLD and DLD, respectively), while the correlations of the other 
four parameters with shape descriptors were significantly smaller (see Table 3).  Figures 
3.b-c show the two hydrographs simulated using the minimum and maximum Rq values 
(0.1 and .99) with the other parameters being kept constant. Visual inspection of Figure 
3a (Rq = 0.5) shows strong shape similarity between observed and simulated 
hydrographs, emphasizing the role of Rq in determining the overall shape of the 
hydrograph.  It can be argued, therefore, that identifying the correct Rq value is essential 
in order to carry system behavior into the simulation.   
 
 
Figure 3.  HYMOD Simulation of the Leaf River basin with different Values of the quick release (Rq) 

parameter.  Dashed line = observed streamflow; solid line = simulated streamflow.  
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Figure 4.  The effect of changing the Rq parameter on the RLD using Monte Carlo simulation for the 
selection of the parameter set. (a) all of the parameters were selected randomly, (b) the 
alpha was held constant (0.5), (c) the Rs was held constant (0.0001), and (d) alpha and Rs 
were held constant. 

 

 
The role of RLD in identifying acceptable Rq is emphasized in Figure 4.  Figure 4a 
represents the objective function plotted as a function of Rq.  Notice that a band of 
objective functions concentrates with minimum variability around what seems to be a 
functional relationship between RLD and Rq.  Such a functional relationship becomes 
more evident for Rq > 0.65, indicating minimal effects of the remaining parameters and 
their interactions.  In Figures 4b-c, the parameters alpha and Rs were held constant, one 
at a time.  The results indicate that, while the objective function is more sensitive to Rs 
(from 4c) than to alpha (4b), the interaction between the two parameters is the main 
reason for the spread values in the objective function space (4a). 
 

Finally, when both parameters were 
held constant (4d), it became clear 
that Rq is the dominant parameter in 
determining RLD values, with 
minimal effect from the remaining 
two parameters, Bexp and Cmax.  If 

one were to consider RLD as an objective function, optimal parameters would be attained 

Table 3. Correlation Coefficients among the Shape 
Descriptors from the Simulated Streamflow 
and the HYMOD Parameters 

   Cmax Bexp Alpha Rs Rq 
RLD 0.05  0.03 0.00 0.10 0.91
DLD 0.15 -0.03 0.00 0.11 0.90
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when the difference between observed and simulated RLDs approaches zero.  From 
Figure 4a, it is apparent that many parameter sets with 0 > Rq < 0.5 met this criterion, 
although most of the Rq values were about 0.5.  Given that low Rq values are associated 
with hydrographs that are too smooth (Figure 3c), it can be said that optimal points, 
observed in Figure 4a below Rq < 0.4, can be reasonably considered local minima. 
Similar behavior was also observed for DLD, indicating the dominant role of Rq in 
determining the shape of the simulated hydrograph in HYMOD.  
 

Table 5. Correlation Coefficients among the Sacramento Model Parameters and the RLD and DLD 

SAC-SMA RLD DLD Description 
UZTWM  0.12  0.12 Upper-zone tension water maximum storage  
UZFWM -0.03 -0.02 Upper-zone free water maximum storage  
UZK -0.01  0.03 Upper-zone free water lateral depletion rate 
PCTIM  0.00  0.72 Impervious fraction of the watershed  
ADIMP  0.09  0.17 Additional impervious area  
ZPERC  0.05 -0.01 Maximum percolation rate 
REXP -0.04  0.00 Exponent of the percolation equation 
LZTWM -0.03  0.17 Lower-zone tension water maximum storage  
LZFSM -0.03 -0.12 Lower-zone free water supplementary maximum storage 
LZFPM  0.22  0.06 Lower-zone free water primary maximum storage 
LZSK -0.33 -0.09 Lowe-zone supplementary free water depletion rate  
LZPK  0.16 -0.09 Lowe-zone primary free water depletion rate 
PFREE 
 

-0.01 
 

-0.16 
 

Fraction of water percolating from upper zone directly to the lower-zone 
free water storage 

 
Results and Discussion of the Sacramento Model: Sensitivity analysis was also 
conducted to assess the relationship between (RLD and DLD) and the 13 parameters of 
the Sacramento model.  In order to ensure a representative sampling of the parameters 
space, 40,000 parameter sets were sampled multiple times, and the results were consistent 
among the various trials.  The correlation coefficients between shape descriptors and the 
SAC-SMA parameters are listed in Table 5.  The results of the sensitivity analysis are not 
as conclusive as those pertaining to HYMOD.  Given the complexity, the high level of 
interaction, and the substantially detailed description of runoff generation in the SAC-
SMA model (Gupta and Sorooshian, 1980; Brazil, 1988), identifying a single dominant 
parameter is, at best, inconclusive.  However, three categories can be discerned from 
Table 5. First, UZFWM, UZK, ZPERC, and REXP are parameters with no to very small 
impact on shape descriptors (r < 0.1).  A second group, which includes UZTWM, 
ADIMP, LZTWM, LZFSM, LZFPM, LZSK, LZPK, and PFREE, showed moderate (0.35 
< r > 0.1) correlation with both shape descriptors.  Third, only one parameter, PCTIM, 
was highly correlated with DLD (r = 0.7).  Higher values of PCTIM, which represent a 
larger impervious proportion of the watershed, result in hydrograph peaks associated with 
small rainfall events, and therefore induce higher DLD values.  More rigorous detailed 
analyses of the highly complex SAC-SMA model are being conducted, and the above-
mentioned are initial results to illustrate the differences between the two models.  
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SUMMARY AND CONCLUSION 
 
This manuscript examined the potential for incorporating shape descriptors RLD and 
DLD in rainfall-runoff model calibration.  Using historical runoff data from 19 
watersheds, these shape descriptors were shown to be unique and relatively stable for 
large range of basins.  Therefore, tuning model parameters to preserve a similarity 
between modeled and observed shape descriptors can contribute to the model’s ability to 
capture intrinsic properties of the basin.  
 
Sensitivity analyses of two models with varying levels of complexity indicate that, when 
a strong relationship can be discerned between one or more model parameters and shape 
descriptors, the latter can be used for rapid reduction of uncertainty in the range of 
sensitive parameter values.  When model parameters are not strongly related with the 
shape descriptors, these descriptors can be used to eliminate apparent optimal solutions 
obtained from a different objective function that does not capture the shape of the 
hydrograph.  Given that shape descriptors measure the integral shape of the hydrograph 
without considering the magnitude and timing of flow, they are potentially less sensitive 
to synchronization and random and systematic magnitude errors.  Therefore, the values of 
the objective function are associated primarily with uncertainty in the model structure.   
This leads to potential utility of the shape descriptors as a tool to evaluate model structure 
uncertainty.  Further work is needed to incorporate these objective functions in automatic 
calibration schemes using multi-objective methods to reduce the range of sampled 
parameters. 
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INTRODUCTION 
 
The National Weather Service provides river forecasts of our Nation’s streams.  River forecasts are 
often complicated by man-made structures (e.g., dams, bridges, levees, etc.); unsteady flows 
subjected to backwater effects caused by reservoirs, tides, or inflows from large tributaries; and mild 
channel bottom slopes where flow inertial effects are important.  Within the National Weather 
Service River Forecast System (NWSRFS), the runoff generated by rainfall-runoff models 
aggregates into fairly large, well-defined channels, and then is transmitted downstream by routing 
techniques.  The hydrologic or storage routing methods, e.g. the Lag and K technique (Linsley, et al., 
1958) may be adequate for many situations; however, hydraulic routing methods are necessary for 
the previously described conditions.  The Hydrology Laboratory (HL) of the NWS Office of 
Hydrologic Development (OHD) has developed dynamic wave routing models suitable for efficient 
operational use in a wide variety of applications involving the prediction of unsteady flows in rivers, 
reservoirs, and estuaries (Fread, 1992).  The NWS Flood Wave routing model (FLDWAV) (Fread 
and Lewis, 1988), the latest unsteady flow model developed at HL, provides real-time forecasts of 
discharges, water-surface elevations, and velocities at specified locations along a river and its 
dynamically-modeled tributaries.  
 
Operational models cover a 24 hrs/day - 365-days/year period.  Critical components to timely and 
accurate forecasts are model stability and universal applicability.  Unsteady flow models are often 
unstable when applied to complex river systems; however FLDWAV has several automatic features, 
which increase model stability.  FLDWAV has been implemented on major rivers in the United 
States including the Mississippi River, Columbia River, Red River of the North, Ohio River and 
Susquehanna River.  Prior to implementation, calibration of model parameters for various flow 
conditions ensures accurate results from FLDWAV.   By accounting for operational concerns during 
the calibration process, FLDWAV becomes a powerful tool for generating accurate river forecasts. 
This paper gives an overview of the calibration and implementation processes as applied to a portion 
of the Susquehanna River System in Pennsylvania. 
 

DESCRIPTION OF FLDWAV 
 
The NWS FLDWAV model is an unsteady-flow, dynamic, hydraulic routing model which 
determines the water-surface elevation and discharge at specified locations along the length of a 
waterway (river, reservoir, etc) subjected to an unsteady flow event such as a flood wave or dam-
break wave. The model is based on an implicit (four-point, nonlinear) finite-difference solution of 
the complete one dimensional Saint-Venant unsteady flow equations coupled with an assortment of 
internal boundary conditions representing unsteady flows controlled by a wide spectrum of hydraulic 
structures.  The flow may occur in a single waterway or a system of inter-connected waterways, 
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including those having dendritic structures (nth-order tributaries) in which sinuosity effects are 
considered.  Additional capabilities of FLDWAV include: 1) the ability to dynamically model dam 
failures as well as flows which are affected by bridge constrictions; 2) the ability to simulate flows 
which overtop and crevasse levees located along either or both sides of a main stem and/or its 
principal tributaries; and 3) the ability to handle flows in the subcritical and/or supercritical flow 
regime. 
 
The expanded Saint-Venant equations of conservation of mass and momentum consist of the 
following (Fread and Lewis, 1993): 

(1)

(2)

 
in which Q is discharge (flow), A is wetted active cross-sectional area, Ao is wetted inactive off-
channel (dead) storage area associated with topographical embayments or tributaries, B is the 
channel flow width, sc and sm are depth-dependent sinuosity coefficients for mass and momentum, 
respectively, that account for meander, ∃ is the momentum coefficient for nonuniform velocity, q is 
lateral flow (inflow is positive, outflow is negative), t is time, x is distance measured along the mean 
flow-path of the floodplain, g is the gravitational acceleration constant, h is the water-surface 
elevation, L is the momentum effect of lateral flows (L=-qvx for lateral inflow where vx is the lateral 
inflow velocity in the x-direction, L=-qQ/(2A) for seepage lateral outflows, L= -qQ/A for bulk 
lateral outflows such as flows over levees), Sf is the boundary friction slope (Sf=(Qn/(1.49AR2/3))2 
where n is the Manning roughness coefficient and R is the hydraulic radius), Se is the slope due to 
local expansion-contraction (large eddy loss), and Wf  is the wind term. 
 
The information necessary to execute FLDWAV includes: 1) an upstream stage or discharge 
hydrograph; 2) a downstream boundary condition (stage hydrograph or a rating curve); 3) cross 
section geometry (top width vs. elevation table); 4) information about hydraulic structures (dams, 
bridges, levees); 5) hydraulic roughness coefficients which may vary with elevation or discharge and 
with location along the waterway; and 6) the initial h and Q at each cross section location.  Given 
this information, FLDWAV simultaneously solves for the h and Q at each cross section location 
along the routing reach for each time interval during the specified simulation period using the 
unsteady flow equations. 
            

CALIBRATION PROCESS 
 
Data Requirements: When calibrating a river system, FLDWAV must be set up with specific data 
to ensure that roughness coefficients are adequately calibrated such that the forecast water surface 
elevations (WSEL) may be as accurate as those calibrated. 
  
River System: A river system consisting of one or more rivers is defined by its boundary conditions, 
gaging stations, lateral/tributary flows, and cross section topography.  Rivers influenced by 
backwater conditions, with very flat bottom slopes (less than about 2-3 ft/mi), having rapidly 
varying temporal changes in the flow, with forecast points, and/or where flood inundation mapping 
is desired are dynamic rivers through which flow is routed using the unsteady flow equations.  All 
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other rivers in the system are treated as lateral (local) inflows, i.e., the flow is added to the river 
system without being routed.  Local flows include both gaged and ungaged flow.  Since the 
objective is to forecast accurate river levels, discharge hydrographs generated within NWSRFS are 
preferred to flows from other sources (e.g., U. S. Geological Survey (USGS)) because any errors in 
the computed discharges will be accounted for in the calibration process. 
 
Flood Simulations: To capture the widest range of flow, two floods should be used to calibrate the 
model: the flood of record to capture the maximum flood condition, and a minimum flood to capture 
the low-flow condition.  Another flood should be simulated to verify or determine how well the 
model will perform on an independent data set.  This is an indicator of how well the model will 
perform in forecast mode.  To account for the beyond-flood-of-record condition, the maximum flood 
is doubled.  The cross section and Manning n tables are adjusted to accommodate this super flood 
condition. To model the drought condition, all local flows are set to zero and inflows are set to 
minimum values to prevent model instability. 
 
Upstream Boundary: The upstream boundary condition is normally a discharge hydrograph.  The 
upstream boundary location must be identified for each dynamic river.  This location should be far 
enough upstream where the influence of downstream backwater conditions is not felt.   
 
Downstream Boundary:  The downstream boundary condition on the main river must be 
reproducible in the forecast mode.  Typically it is either an empirical single-valued rating curve or a 
generated loop-rating curve.  Under some backwater conditions (e.g., backwater from a downstream 
river), the rating curve is not adequate to represent the stage-discharge relationship; therefore, the 
downstream boundary is moved far enough away until it has no influence on the last point of 
interest.  The final reach may be either a fictitious reach manipulated to produce the best results at 
the last point of interest, or the reach to the next downstream gage. The downstream boundary 
condition for tributaries is a WSEL hydrograph generated within FLDWAV. 
 
Forecast Points: Gaging stations are locations where observed stage data are available.  Forecast 
points are locations where the NWS issues a river forecast.  All forecast points may not be gages.  
Since FLDWAV generates stages and discharges at all computational points in the river system, this 
information is available at the forecast points. 
 
Manning Roughness Coefficients: Manning’s n is used to describe the resistance to flow caused by 
channel roughness resulting from sand/gravel bed-forms, bank vegetation and obstructions, bend 
effects, and circulation-eddy losses.  The reach between adjacent gages is a Manning’s n reach.  The 
roughness coefficients are usually input as a function of discharge.  
 
Cross Sections: Cross sections are used to describe the channel/valley.  They should be located 
along the river such that they adequately define the topography (e.g., expansions and contractions, 
flood storage, etc.).  The distance between cross sections should obey the Courant condition for 
model stability: 

                                                                                                                                         (3)
       

where x is the distance interval between cross sections, c is the wave speed celerity, and t is the 
time increment.  Additional cross sections may also be generated by the automatic interpolation in 
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FLDWAV to maintain model stability.  For major rivers, the U. S. Army Corps of Engineers is a 
good source of surveyed cross section data.  If survey sections are unavailable, the floodplain 
portion of the section can be obtained from USGS topographic maps or from DEM data.  In the 
absence of surveyed data, the channel portion of the cross section may have to be estimated. 
 
Flow Regime: The flow regime for most rivers is subcritical flow.  However, because of the very 
wide range of flow conditions encountered during real-time forecasting, there may be times when 
the flow regime may change to critical or supercritical flow.  The local partial inertial (LPI) 
technique (Fread et al, 1996) in FLDWAV adds a factor to the inertial term in the momentum 
equation, which allows the river to change flow regimes anywhere in the channel reach when 
necessary during the simulation period.  In river systems where the minimum depth of water in the 
channel is less than three feet, the mixed flow option using the LPI technique should be used. 
 
FLDWAV Calibration: In order to produce an acceptable forecast using FLDWAV, the model 
must first be calibrated by adjusting the roughness coefficients until the computed and observed 
stage hydrographs match at each gage.  After selecting an appropriate historical flood and acquiring 
the data, the FLDWAV model is used to calibrate the Manning n values as follows:  1) estimate the 
Manning n values throughout the routing reach; 2) run FLDWAV and compare the computed WSEL 
with the observed WSEL at each gage; 3) adjust the Manning n values to accommodate the errors in 
WSEL; 4) repeat steps (2) and (3) until the error root-mean-squared error (RMSE) has been 
minimized.  The final n values are sufficient for the range of flows used in the calibration; however, 
the Manning n values for flows exceeding the observed must be estimated.   
 

RUNNING FLDWAV OPERATIONALLY 
 
Initial Conditions: The correct initial conditions are critical to effective real-time forecasting using 
FLDWAV.  In FLDWAV, the initial conditions are: the initial water surface elevations and 
discharges at each computational point; initial flow at each lateral flow point; and initial pool 
elevations and gate control switches at each dam location.  A forecaster usually starts a simulation 
three to five days prior to the current date.  During simulation, this information is generated within 
FLDWAV and stored for future runs.  If FLDWAV becomes unstable, the initial conditions are 
corrupted and future forecasts are in jeopardy.  Therefore, great care is taken during calibration to 
ensure model stability. 
 
Real-Time Forecasting Numerical Difficulties: Model stability may be a problem when running 
FLDWAV in real-time especially during low flow periods.  To prevent the model from terminating 
abnormally, a minimum-flow filter is specified on each river.   
 
There are times when the model may abnormally terminate due to non-convergence (i.e. an adequate 
solution to the Saint-Venant Equations has not been obtained within the user-specified number of 
iterations, automatic fix-ups (Fread, 1988) were unsuccessful, and the results were extrapolated more 
than six times).  These non-convergences usually occur as a result of abrupt changes in the flows 
and/or stages in the river system. When this occurs, the FLDWAV simulation stops and the 
remaining hydrographs are filled with constant values (stages, discharges, velocities) equal to the 
last computed values.  In many cases non-convergence occurs because the model has not been 
adequately calibrated; the time step or distance step is not set properly; there are errors in input 
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hydrographs (e.g., erroneous pool elevations; missing data treated as actual); or the flow regime is 
not adequately defined.  The forecaster must then adjust model parameters to fix the problem of non-
convergence. 
 

APPLICATION TO THE SUSQUEHANNA RIVER SYSTEM 
 
The Susquehanna River System (Figure 1) is a 530-mile 
long river system with the Susquehanna River (320 miles 
from Conklin, NY to Marietta, PA) as the main stem. There 
are three dynamic tributaries to the Susquehanna River: the 
Chemung River (177 miles from Chemung, NY to its 
mouth), the West Branch of the Susquehanna River (39 
miles from Williamsport, PA to its mouth), and the Juniata 
River (48 miles from Lewistown, PA to its mouth); and one 
dynamic tributary to the Juniata River: Kishacoquillas 
Creek (6 miles from Reedsville, PA to its mouth).  The 
river system has been divided into three sub-systems with 
break points at Wilkes-Barre, PA (river mile 186) and 
Harrisburg, PA (river mile 86).  Hydraulic features within 
the river system include levee overtopping in the vicinity 
of Harrisburg, PA; backwater due to inflows of large 
tributaries (e.g., there are times when the West Branch 
backs up into the Susquehanna and other times when the 
Susquehanna backs up into the West Branch; the forecast 
point at Danville, PA is influenced by both conditions); an 
inflatable dam in the vicinity of Sunbury, PA for 
recreational purposes; and water depths less than one foot 
below Harrisburg, PA during the summer months.  The 
town of Lewistown, PA has been selected as a test site for 
the NWS flood forecast mapping application.  For this 
purpose a two-river system (Figure 2) is modeled 
separately using FLDWAV.  The implementation of the 
Juniata River system is discussed in this section. 

Figure 1 Susquehanna River System 

   
Lewistown River System: The town of Lewistown, PA 
covers about two miles of the Juniata River with the 
Kishacoquillas Creek running through the town.  During 
high flows, the Kishacoquillas Creek is subjected to 
backwater from the Juniata River. The upstream boundary 
location is set at the extent of the town, approximately 1.5 
miles upstream of the Lewistown gage.  The next gage 
below Lewistown is Newport, PA, which is the 
downstream boundary location.  Tuscarora Creek and the ungaged local flow located between 
Lewistown and Newport is treated as a lateral flow.  The mixed-flow regime is set to accommodate 
both the flood and drought conditions.  A schematic of the river system is shown in Figure 3.  

Figure 2 Juniata River System 
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Flood Simulations: Although Hurricane Agnes in 1972 is 
the maximum known flood (~160,000 cfs) in the area; the 
gage at Lewistown did not come into existence until 1989.  
The maximum flood of record for this gage is the 1996 
flood (74,400 cfs).  The 1997 flood contains the minimum 
flood of record (580 cfs).  The 1996 and 1997 floods are 
calibrated and the 1999 flood is used for verification.  The 
1972 flood is also simulated although no elevation data is 
available.  To account for the beyond-flood-of-record 
condition, the1972 flood is doubled.  To account for the 
drought condition, the local flow at Tuscarora Creek is set 
to zero, and the inflows at Lewistown and Reedsville are 
set to constant values of 50 cfs and 1 cfs, respectively.  
Figure 4 shows the flow range (0-75,000 cfs) for which the 
Manning n values have been calibrated and estimated 
(beyond 75,000 cfs).  A computational time step of 0.25 hr 
is selected based on the time to peak of the sharpest rising 
hydrograph. 
 
Upstream Boundary: The inflow hydrograph at 
Lewistown is moved to the upstream location of the Juniata 
River, and the inflow at Reedsville is the upstream 
boundary for Kishacoquillas Creek.   
 
Downstream Boundary: To determine if the downstream 
boundary is affected by backwater from the Susquehanna 
River, various boundary conditions are analyzed.  A typical 
downstream boundary condition in FLDWAV is the 
generated rating curve, which represents the dynamic 
effects due to unsteady flow.  The observed rating curves at 
Newport for the 1996, 1997 and 1972 floods (Figure 5) 
show that the stage-discharge relationship is not linear, 
which indicates that dynamic effects are present.  The 
rating curves generated by FLDWAV indicate that the 
dynamic effects due to unsteady flow are minimal since the 
stage-discharge relationship is linear.  The peak stage is 
underestimated by 15 ft (Figure 6).  The 15-foot error 
occurs because the rating curve does not account for the 
Susquehanna River backwater effect.  When the Juniata River is modeled as a tributary to the 
Susquehanna River, the peak stage computed by FLDWAV matches the observed stage with a 
difference of 0.41 ft.  The computed discharge hydrograph at Newport is the same regardless of the 
downstream boundary condition (maximum error of 1.5%).  Since the Lewistown gage is the point 
of interest, rating curves are plotted to see if the backwater effects are felt at the gage. Figure 5 
shows that the rating curves for various floods are essentially the same when the computed and 

Figure 3 Schematic of Juniata River System

Figure 4 Discharge Hydrographs at 
Lewistown, PA for 1972, 1996, 1997 Floods

Figure 5 Observed vs. Computed Rating 
Curve, Newport, PA 
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observed rating curves are compared. Therefore, the 
backwater effects do not reach Lewistown, and the 
generated rating curve is an adequate downstream 
boundary condition. 
 
Cross Sections: In the absence of surveyed cross sections, 
7.5 minute USGS topographic maps are used to determine 
the cross sectional data.  The cross sections are initially 
placed to account for changes in the topography (e.g., 
transitions between constrictions and expansions) and 
structures (e.g., bridges and levees).  Although Highway 
522 (Figure 7) could be considered a levee, water on the 
town side is caused by the Juniata River backing water up 
into Kishacoquillas Creek, which then floods the town.  
Therefore the area beyond the highway is considered to be 
part of the Kishacoquillas Creek topography.  There are 
also bridges and railroads in the routing reach, but their 
impact on the water level do not require them to be modeled in a special manner with FLDWAV.  
Any effects of these structures are accounted for by the roughness coefficient.    

Figure 6 Downstream Boundary 
Comparisons

Figure 7 Lewistown, PA (Ref: Tiger Map, 
US Census Bureau) 

 
Fourteen cross sections on the Juniata River and three cross sections on Kishacoquillas Creek are 
selected. Using the Courant condition as a guide, a distance interval of 1 mile is used for the Juniata 
River and 0.2 mi is used for Kishacoquillas Creek to ensure model stability.  After FLDWAV adds 
cross sections by interpolation, the river system has 19 cross sections on the Juniata River and 47 
cross sections on Kishacoquillas Creek  
 
Since topographic maps do not represent the channel bottom, the minimum elevation obtained from 
the topographic map is lowered 5 ft.  During calibration, the channel bottom at each of the cross 
sections in the reach is adjusted in conjunction with the roughness coefficients in an effort to 
reproduce the observed stages at Lewistown.  The cross section at Lewistown (Figure 8) and the 
FLDWAV representation of channel width vs. elevation (Figure 9) are shown.   
 
During calibration for the minimum and maximum floods, the channel bottom at Lewistown is 
lowered about 12 ft.  Table 1 shows the minimum and maximum discharges and elevations for the 
various floods modeled using FLDWAV in addition to the observed values.  The minimum observed 
elevation results in a 2.73 ft channel depth. When the minimum allowable flow (50 cfs) is routed 
through the channel reach, the corresponding depth at Lewistown is 0.5 ft.  The maximum observed 
depth is 31.57 ft.  Hurricane Agnes is the flood of record at other gages in the vicinity of Lewistown, 
which have a longer recording history (e.g., Newport); therefore, it is necessary to ensure that the 
cross sections in the routing reach can accommodate the 1972 flood.  The 1972 flood yields an 
additional 12 ft of depth beyond the flood of record.  To ensure that the cross sections can contain a 
super flood, the 1972 flood is doubled.   The result is an additional 15.4 ft of depth beyond the 1972 
flood.  Since the cross section at Lewistown has a maximum elevation of 500 ft and the maximum 
elevation of the super flood is 502.92 ft, the cross section is extended to 520 ft.  When the validation 
flood (1999) is compared with the other floods, it is very similar in magnitude to the 1997 flood.  
The minimum elevation is about 0.4 ft lower than the 1997 minimum flood level; however no 

Figure 8 Estimated Cross Section at 
Lewistown, PA 

Figure 9 Channel Width vs. Elevation 
Curve 
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modifications are necessary to the cross section since the minimum modeled level is about 2 ft 
lower.  The cross sections in the routing reach have been adequately sized to model both a severe 
drought and a significant super flood without numerical difficulties. 
 

                               Table 1 Elevations and Discharges at Lewistown, PA 

 Elevation (FT-NGVD) Discharge (CFS) 

Observed 
 

Flood 
Year Min Max Min Max Min Max 

1996 449.86 475.08 449.67 475.41 3,820 73,920 

1997 446.56 457.64 446.56 457.92 570 19,750 

1972 448.37 487.48 -------- -------- 1,900 161,160 

1999 446.17 458.01 446.34 457.54 420 20.73 

Max 449.82 502.92 -------- -------- 3,790 322,550 

Min 444.43 444.43 -------- -------- 50 50 

 
 
 
 
 
 
 
 
 
 
 
 
                 
                           Channel Invert: 443.83 ft     Gage Zero: 443.83 ft   Flood Elev: 466.95 
 
Roughness Coefficients: The river system has one 
Manning n reach on the Juniata River between Lewistown 
and Newport, and one reach on Kishacoquillas Creek 
between Reedsville and the mouth.  A constant Manning n 
coefficient equal to 0.035 for both reaches is initially used 
to simulate the 1996 flood.  Manning n is a function of 
discharge.  The simulated elevations (using constant and 
calibrated Manning n values) at Lewistown (Figure 10) are 
similar to the observed values until the discharges exceed 
50,000 cfs where the peak elevation is over computed by 
5.57 ft.  The Manning n values in the flow range of 0-
75,000 cfs are calibrated with the 1996 and 1997 flood data. 
 A constant Manning n value of 0.55 is used in the flow 
range greater than 75,000 cfs, which is a reasonable value, 
based on topography.  This flow range is not calibrated 
since no observed elevation data is available. Figure 11 
represent the calibrated Manning n vs. discharge curve.  
Kishacoquillas Creek is controlled by backwater from the 
Juniata River.  The Manning n curve for the Juniata River is 
also used for Kishacoquillas Creek because flow 
contributed by Kishacoquillas Creek and controlled by its 
Manning n values is minimal compared to backwater 
effects. 
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Figure 10 Elevation Hydrographs 
Comparing Manning n Curves, 1996 Flood 

Figure 11 Calibrated Manning n Curve 

Figure 12 Elevation Hydrographs 
Comparing Manning n Curves, 1997 Flood 



Calibration Results: The Manning n values are calibrated using FLDWAV for the 1996 and 1997 
floods.   Figures 10 and 12 compare the computed vs. observed elevations at Lewistown for the 1996 
and 1997 floods, respectively.  Table 2 shows the errors associated with the floods.  The RMSE for 
the 1996 flood is .27 ft.  Although the RMSE show little change for the 1997 flood, the minimum 
elevation error improves to 0.19 ft. 

 
 

Table 2 Error Analysis for Lewistown, PA Gage 
 
 
 
 
 
 
 
 
 
 

                 
RMSE (ft) 

Error in Peak 
Elevation 

Error in Min 
Elevation 

Manning n Manning n Manning n 
 

Flood 
Year Const Calib Const Calib Const Calib 

1996 1.56 0.27 5.57 -0.33  0.19 0.00 

1997 0.36 0.31 0.29 -0.27 -0.61 0.19 

1999 ----- 0.61 -----  0.47 ----- 0.17 

Verification Results: The 1999 flood (Figure 13) is 
simulated using the calibrated roughness coefficients to 
determine the quality of the calibration.  Table 2 shows an 
increase in error, which is expected. Generally, if the 
RMSE for the calibrated run is less that 0.5 ft and the 
RMSE for an independent flood is less than one foot, then 
the FLDWAV model is performing satisfactorily.  The 
results of the current calibration and verification meet this 
criterion. 
 
Operational Forecasting: When transitioning from 
calibration to operational mode, the downstream boundary 
on the Juniata is changed from a water surface hydrograph 
to a generated rating curve.  The water surface profile on 
the Juniata River for the 1972 flood (Figure 14) shows the 
impact of changing the downstream boundary has no 
impact on the area of interest, the vicinity of Lewistown, 
PA.  The FLDWAV model as applied to the Juniata River 
system is very stable with no extrapolations and very few 
non-convergence problems for any of the flood simulations 
used.  This indicates that in an operational mode, the model 
should run to completion with reasonable results for the 
river forecast. 

Figure 13 Water Surface Elevations, 1999 
Flood 

 
Initial Conditions: At the time of implementation, the 
Juniata River is experiencing low flow and the initial conditions are assumed to be steady-state 
backwater condition with normal depth as the initial elevation at the downstream extremity.  For 

Figure 14 Water Surface Profiles
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subsequent runs, the initial conditions are stored (water surface elevations and discharges) at each 
cross section location in the river system for as many as nine dates in the past and the current date.   
 
Flood Forecast Mapping: The NWS FLDVIEW 
application (Cajina et. al., 2002) has been developed to 
display the extent of flooding based on the forecast water 
surface profile.  The input requirements for FLDVIEW 
include the water surface profile, the channel width 
corresponding to the known water surface elevation, the 
channel bottom, cross section locations, and the 
latitude/longitude of the end points of the flood map. The 
FLDWAV model exports this information to files, which 
FLDVIEW reads in.  The 1984 flood is simulated using 
FLDWAV and the flood forecast map is generated using 
FLDVIEW.  The extent of the flood is shown if Figure 15 
along with four high water marks.  The high water marks 
indicate that FLDVIEW adequately represents the extent of 
flooding. 

Figure 15 Flood Forecast Map, Lewistown, 
PA; 1984 Flood 

                                                        
SUMMARY 

 
The NWS FLDWAV model is a powerful tool when used to produce river forecasts on complex 
river systems.  When properly calibrated it can forecast extreme events (droughts and major floods) 
as well as intermediate flood events with a high level of accuracy.  FLDWAV also has built-in 
capabilities to maintain model stability, which is critical during operational mode. The accuracy of 
the FLDWAV results combined with the mapping ability of the new NWS FLDVIEW application 
enhance the river forecast by providing an accurate flood forecast map, which allows the user to see 
the extent of flooding. 
 
The FLDWAV model has been applied to the Juniata River system in order to generate flood 
forecast maps in the vicinity of the town of Lewistown, PA.  It has been calibrated using the 1996 
and 1997 flood data; and the results validated using the 1999 flood data.  The RMSE for 1999 flood 
is 0.61 ft, which indicates that accurate results will be obtained during forecast mode.  The 1984 
flood has also been simulated using FLDWAV and the peak water surface profile has been mapped 
using the NWS flood forecast mapping application (FLDVIEW).   The extent of flooding mapped by 
FLDVIEW compares well with the high water marks for the flood. 
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Jaysson E. Funkhouser, Hydrologist, U.S. Geological Survey, Little Rock, Arkansas 

 
 

Abstract: 
Changes in land cover immediately upstream or downstream from a bridge can have a substantial 
effect on surface-water velocity and velocity distribution through a bridge opening.  The two-
dimensional surface-water model, Finite Element Surface Water Modeling System: Two 
Dimensional Flow in a Horizontal Plane (FESWMS-2DH), was used to determine the depth-
averaged point velocities across the U.S. Highway 79 Roc Roe Bayou bridge opening in the 
White River floodplain in southeastern Arkansas.  The existing highway alignment locates the 
left bridge abutments in a heavily vegetated area with high Manning’s roughness coefficients.  
The proposed highway alignment moves the left bridge abutment into an agricultural field, which 
lowers the Manning’s roughness coefficient by 67 percent.  This change of roughness near the 
left abutment increases the simulated flow velocity near the abutments by 29 percent.  When 
simulated floodplain vegetation was added to the to the agricultural field in the vicinity of the left 
abutment, the maximum depth-averaged point velocity decreased by 38 percent from the initial 
proposed highway alignment.  The results of this study illustrate the need for an accurate 
assessment of land-cover change when new highway alignments are being designed and built.   
 

INTRODUCTION 
 
The hydraulic performance of bridges during floods is a major concern when the opening and 
grade of drainage structures are designed.  In the case of multiple bridge openings, it is important 
to know the distribution of discharge and velocity through the bridges for an efficient  
hydraulic design.  Changes in land cover and its effects on hydraulics are often overlooked when 
highway bridges are built or replaced.  Initially, this was the case with the U.S. Highway 79 
bridges, which spans the White River and its floodplain in southeastern Arkansas.   
 
U.S. Highway 79 is a 2-lane highway constructed during the late 1920’s and early 1930’s.  The 
town of Clarendon is on the east bank of the White River (fig. 1).  Currently, U.S. Highway 79 
uses three separate bridges to cross the White River floodplain--one bridge over the White River; 
one bridge over the First Old River, located west of the White River; and one bridge over Roc 
Roe Bayou, located west of the First Old Rive (fig 2).  Because of a substantial increase in traffic 
volume and the age and deterioration of the roadway, the Arkansas Highway and Transportation 
Department (AHTD) made the decision to replace the roadway and bridges crossing the White 
River and its floodplain.   
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Figure 1.  Location of lower White River and National Wildlife Refuges. 
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Two National Wildlife Refuges meet at the U.S. Highway 79 crossing of the White River.  The 
Cache River National Wildlife Refuge is located to the north and the White River National 
Wildlife Refuge is located to the south.  The U.S. Fish and Wildlife Service (USFWS) and 
AHTD are concerned about the effects that velocities and velocity distributions generated by the 
proposed bridges will have on the environment.  To deal with these concerns, the AHTD 
proposed combining the two bridges that cross the White River and the First Old River, and 
lengthening the bridge that crosses Roc Roe Bayou by 110 feet (fig. 2).   The USFWS and 
AHTD are primarily concerned about potential high point velocities in the Roc Roe Bayou 
bridge opening and any possibility for scour.  The focus of this paper is on flow dynamics and 
model simulations of point velocity magnitude and velocity distribution through the Roc Roe 
Bayou bridge opening. 

 
During the 100-year flood event, there is flow across the entire White River floodplain.  The 
distance across the floodplain ranges from 3.5 miles at U.S. Highway 79 to 5.5 miles at the upper 
end of the study reach (2.7 miles upstream of U.S. Highway 79).  Average depths across the 
floodplain for the 100-year flood event range from 19 feet at the upper end of the study reach to 
16 feet at the lower end of the study reach (4.6 miles downstream of U.S. Highway 79).  For the 
100-year flood event, the main channel of the White River ranges in depth from 32 to 65 feet 
while the main channel depth of Roc Roe Bayou ranges from 20 to 53 feet.  Water-surface 
elevations for the 100-year flood event range from 177.2 feet above sea level at the upper end of 
the reach to 173.2 feet above sea level at the lower end of the reach.   

 
METHODOLOGY 

 
U.S. 79 crosses the White River floodplain at an average angle (skew) of 30 degrees.  Because of 
the complexity of the site and the two-dimensional nature of the flow, a two-dimensional flood 
study was used to assess the velocity and velocity distributions through the existing and proposed 
bridge openings.  The two-dimensional flow model, Finite Element Surface-Water Modeling 
System:  Two-Dimensional Flow in a Horizontal Plane (FESWMS-2DH) (Froehlich, 1989) was 
used to simulate the effects the proposed bridge scenarios and their respective changes in land 
cover would have on the velocities and velocity distributions through the bridge openings.  The 
model uses the Galerkin finite-element method to solve three partial-differential equations 
representing conservation of mass and momentum (Lee and Froehlich, 1989).  A depth-averaged 
velocity is computed at each computational point (node) in the model domain.  The model area is 
covered by a grid consisting of triangular and quadrilateral sections (elements) of variable size, 
which work well for fitting the model to physical features. 
 
Several modeling parameters and options were considered in the modeling process to ensure that 
the best simulations of floodflows were achieved.  Manning’s roughness coefficient and base 
kinematic eddy viscosity were the two model parameters that were varied throughout the 
modeling.  Default values for all other modeling parameters were used for floodflow simulations.  
These parameters included the following: water density, air density, dimensionless turbulence 
coefficient, relaxation factor, depth tolerance, and coefficients used to compute the momentum 
correction coefficient.  Additionally, a low-order numerical integration technique was performed 
for each simulation.  Wind effects were ignored and a constant density was assumed (assumed 
flow was well mixed vertically).  Any unsteady effects of the floodflow were ignored.   
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All hydraulic computations involving flow in open channels require an evaluation of the 
roughness characteristics of the channel (Barnes, 1967).  The Manning’s equation (Chow, 1959) 
plays an important role in the channel’s ability to carry flow.  The most commonly expressed 
form of the Manning’s equation is:        

2/13/249.1 SR
n

V =    

 where 
   V = velocity, in feet per second, 
   R = hydraulic radius, in feet, 
   S = slope of energy line, in foot per foot, and 
   n = coefficient of roughness, specifically known as Manning’s n. 
 
Manning’s roughness coefficient is a function of friction along the channel bed.  For example, 
water flowing over bed material with small surface areas such as sand, gravel, and grass will 
have a smaller degree of friction loss resulting in a smaller Manning’s roughness coefficient as 
opposed to channel material composed of large trees and shrubs, which have larger surface areas 
that create more friction resulting in a larger Manning’s coefficient.  The higher the friction loss, 
the slower the water will flow.   
 
The sensitivity of model results to changes in model parameters was investigated.  Manning’s 
roughness coefficients and base kinematic eddy viscosity (Froehlich, 1989, eq. 4-19) were 
adjusted from the original values used in the initial convergence of the model.  Changing the 
Manning’s roughness coefficient from 0.14 to 0.125 (an 11 percent change) caused the water 
surface elevation at the upstream boundary to decrease 0.6 foot.    Changing the base kinematic 
eddy viscosity from 50 to 7 square feet per second (an 86 percent change) raised the water 
surface elevation at the upstream boundary less than 0.3 feet. 
 
The U.S. Army Corps of Engineers (USACE) has operated a gaging station on the White River 
at Clarendon since 1927 (fig 3).  The installation began as a discharge observation gage and is 
currently operated as a daily-flow station.  This site also is used as a National Weather Service 
flood forecast point.  In 1972, the USACE installed a stage-only gaging station at Aberdeen, 
which is the lower boundary of the study reach (fig 3).   
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The streamflow data gathered at the Clarendon gage and the stage data collected at the Aberdeen 
gage were used to calculate the necessary boundary conditions for the model.  The streamflow 
data were used with a Log Pearson Type III analysis to compute the discharge for the 100-year 
flood event of 216,000 cubic feet per second.  The 100-year flood water-surface elevations were 
estimated at both gages using the computed 100-year flood discharge and the rating curve 
developed for the Clarendon gage by the USACE.  The water-surface elevation for the 100-year 
flood event was determined to be 175.48 and 173.21 feet above sea level at the Clarendon and 
Aberdeen gages, respectively. 
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SIMULATED VELOCITIES FOR EXISTING BRIDGE OPENING 
OVER ROC ROE BAYOU 

 
The model was calibrated using the 100-year flood discharge and water surface elevations for the 
existing conditions.  The existing U.S. Highway 79 bridge over Roc Roe Bayou has spillthrough-
type abutments and sloping embankments with wingwalls at an angle of about 30 degrees.  The 
bridge span length is 1,428 feet.  The overbank area of the approach section is forested with 
heavy underbrush north of the Roc Roe Bayou bridge opening.  The Manning’s roughness 
coefficient used in the model for this vegetation is 0.12.  On the south side of the highway, there 
is a 265-acre field where crops such as soybeans, cotton, and wheat are commonly grown.  In the 
model, a Manning’s roughness coefficient of 0.04 is used for this area.   Figure 4 illustrates both 
the forested and fielded areas near the Roc Roe Bayou bridge and their location with the existing 
roadway alignment and Roc Roe Bayou bridge opening. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N

Forested
Area

Forested
Area

Field

265 Acre Field

White River

Roc
Roe

B
ayou

PROPOSED ALIGNMENT
EXISTING U.S. 79 ALIGNMENT

0 1500 FEET
0 1500 METERS

Rip
Rap

20 Acre
Field
Area

 

Figure 4.  
Land use in 
the vicinity 
of the 
existing 
and 
proposed 
Roc Roe 
Bayou 
bridge 
openings. 

 
 
 
 
 
 
 
 
 

 6



A model simulation of the 100-year flood event indicates that velocities through the existing Roc 
Roe Bayou bridge opening are highest near the left (as viewed looking downstream) bridge 
abutment and decrease considerably across the channel in the direction of the right abutment (fig. 
5).  The maximum depth-averaged point velocity resulting from flow around the left bridge 
abutment is approximately 4.1 feet per second.    
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Figure 5.  Depth-averaged point velocity distributions for the 100-year flood event through the 
existing Roc Roe Bayou bridge opening. 
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SIMULATED VELOCITIES FOR PROPOSED BRIDGE OPENING 
OVER ROC ROE BAYOU 

 
The proposed U.S. Highway 79 replacement will be a two-lane highway that crosses the White 
River floodplain at an average angle (skew) of 30 degrees.  In this proposed realignment, the 
simulated highway fill was moved downstream 425 feet and an additional 110 feet of span was 
added to the Roc Roe Bayou bridge.  As a result of this new alignment, 70 additional acres of 
field are now upstream from the Roc Roe Bayou bridge leaving a 195-acre field downstream 
from the proposed bridge (fig. 4).  The Manning’s roughness coefficient used in the model for 
the area upstream from the bridge in this scenario is 0.04, reflecting less friction loss upstream 
from the bridge than for existing conditions.   
 
A model simulation of the 100-year flood event indicates that velocities through the proposed 
Roc Roe Bayou bridge opening are highest near the left bridge abutment and lower across the 
channel (fig. 6).  In this scenario, the simulated 100-year flood event indicates that flow through 
Roc Roe Bayou bridge would cause a maximum depth-averaged point velocity of approximately 
5.3 feet per second near the left abutment, an increase of 1.2 foot per second (29 percent) from 
existing conditions. 
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Figure 6.  Depth-averaged point velocity distributions for the 100-year flood event through the 
proposed Roc Roe Bayou bridge opening. 
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SIMULATED VELOCITIES FOR PROPOSED BRIDGE OPENING  
OVER ROC ROE BAYOU WITH LAND COVER CHANGE 

 
The model was rerun for the proposed realignment with the Manning’s roughness coefficient 
increased to 0.12 upstream and downstream from the Roc Roe Bayou bridge.  This simulated the 
conversion of 20 acres of field upstream and the 195- acre field downstream from the Roc Roe 
Bayou bridge opening that was present in the original proposed scenario to forest vegetation (fig. 
4).   Riprap was also simulated around the left abutment in an effort to lower the velocity. 
 
A model simulation of the 100-year flood event through the proposed Roc Roe Bayou bridge 
opening with additional forestation upstream and downstream of the bridge results in an 
improved velocity distribution with highest depth-averaged point velocities occurring in the main 
channel (fig. 7).  By increasing the Manning’s roughness coefficient (to simulate a forested area), 
the model simulation of the 100-year flood event through the Roc Roe Bayou bridge opening 
results in a maximum depth-averaged point velocity of approximately 3.3 feet per second, a 
decrease of 0.8 foot per second from existing conditions.  The additional forestation and riprap 
also shifted the location of the highest point velocity away from near the left abutment to the 
main channel of Roc Roe Bayou. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Depth-averaged point velocity distributions for the 100-year flood event through the 
proposed Roc Roe Bayou bridge opening with additional forestation. 
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CONCLUSIONS 
 
The AHTD proposes to replace U.S. Highway 79 and its bridges over the White River and its 
floodplain near Clarendon, Arkansas.  For simulation of possible conditions associated with the 
proposed alignment near Roc Roe Bayou, the existing highway embankment was moved 
downstream 425 feet.  This placed the proposed alignment in a field where soybeans, cotton, and 
wheat commonly are grown.  The Manning’s roughness coefficient used for the field is 0.04 
compared to 0.12 used for the forested area.  Relocating the bridge in an area with a lower 
Manning’s roughness coefficient caused the maximum simulated depth-average point velocity 
through Roc Roe Bayou bridge to change from 4.1 to 5.3 feet per second, or an increase of 29 
percent.  To decrease the depth-averaged point velocities, Manning’s roughness coefficient was 
changed from 0.04 to 0.12 to simulate the impact of forestation in the downstream 195-acre field 
and in 20 acres of the field upstream from the Roc Roe Bayou bridge opening and the addition of 
rip rap around the left abutment.  Increasing the roughness caused the maximum simulated 
depth-averaged point velocity to change from 5.3 to 3.3 feet per second, or a decrease of 38 
percent.   
 
Setting the Manning’s roughness coefficient to 0.12 in the 195-acre field downstream and in the 
20-acres of the field upstream reflects a proposed change in land use from being soybean, cotton, 
and wheat fields to forested vegetation with heavy underbrush.  This change in vegetation and 
the added rip rap around the left abutment would increase the friction loss between the flowing 
water and the floodplain bed material, as reflected by the Manning’s roughness coefficient, thus 
causing the water velocity to decrease considerably.  The simulation of added vegetation and rip 
rap also shifted the maximum simulated depth-averaged point velocity from occurring near the 
left abutment to occurring in the main channel of Roc Roe Bayou. 
 
The results of this study illustrate the need for an accurate assessment of land cover change when 
new highway alignments are being designed and built.  By adding floodplain vegetation around 
bridge openings and rip rap material around bridge abutments, the velocity of water can be 
substantially reduced.   
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DAILY FLOW ROUTING WITH THE MUSKINGUM-CUNGE METHOD 
IN THE PECOS RIVER RIVERWARE MODEL 

 
Craig B. Boroughs, P.E., Project Hydraulic Engineer, Tetra Tech, Inc., Breckenridge, CO 
Edie Zagona, P.E., Ph.D., Research Associate, Center for Advanced Decision Support for 

Water and Environmental Systems, University of Colorado, Boulder, CO 
 
Abstract: One of the major efforts for development of a daily timestep water operations model for 
the Pecos River in New Mexico was to implement a routing methodology that would appropriately 
represent flood wave travel times (translation) and reduction in peak discharge (attenuation) of flood 
waves.  The model is to be used to evaluate the impacts of modified dam operations on flow 
conditions in critical habitat for a federally “threatened” fish species.  It is important for travel times 
of flood waves to be represented appropriately.  Due to the morphology of the Pecos River and 
shape of typical inflow hydrographs, flood waves during the summer monsoon season significantly 
attenuate as these waves propagate down the Pecos River.  The Muskingum-Cunge method was 
selected as a routing method to add to the water operations model, but it was coded in a different 
manner than it is conventionally coded in other models.  The water operations model was developed 
with the RiverWare software application that is a general river basin modeling tool that runs in an 
object-oriented modeling environment.  While this modeling environment provides flexibility for 
developing models, it provides a restriction to simulate the entire river system one model timestep at 
a time.  Due to this simulation style, the routing method for each river reach must also run one model 
timestep at a time.  The resulting routing method in RiverWare requires the user to input an 
incremental routing timestep that will be used to route flood waves within each model timestep.  The 
model then uses other input parameters to determine the best incremental routing spatial step to 
minimize numerical dispersion.  In addition, the water operations model simulates with daily 
average flows, so assumptions were made to implement the Muskingum-Cunge method that routes 
instantaneous flows. 
 

INTRODUCTION 
 
The Pecos River system discussed here is located in eastern New Mexico.  In 1987, the Pecos 
bluntnose shiner (Notropis simus pecosensis) was listed as federally threatened under the 
Endangered Species Act (ESA) of 1973.  The Bureau of Reclamation (Reclamation) began 
consultation with the Fish and Wildlife Service (Service) to determine potential impacts of Pecos 
River operations on the Pecos bluntnose shiner and its habitat.  A biological opinion was issued by 
the Service which concluded that historical river operations were likely to jeopardize the continued 
existence of the Pecos bluntnose shiner.  One of the Reasonable and Prudent Alternatives from the 
Biological Opinion directed Reclamation to develop a daily timestep water operations computer 
model of the Pecos River system.  The model would be used to analyze the effects of different 
operational scenarios on Pecos bluntnose shiner habitat, overall water delivery efficiency, and state-
line deliveries.  The software selected by Reclamation to simulate the Pecos River surface water 
resources from Santa Rosa Lake to Avalon Dam is RiverWare (Zagona, et al, 2001) developed by 
the Center for Advanced Decision Support for Water and Environmental Systems (CADSWES) at 
the University of Colorado at Boulder. 
 
A routing methodology is required for the Pecos River water operations model to simulate flood 



wave travel time (translation) and reduction in peak discharge (attenuation) as river flows propagate 
downstream. To determine an appropriate methodology for routing flows in the Pecos River 
RiverWare model, channel geometry information were used to evaluate whether a kinematic or 
diffusive wave approximation to the full dynamic wave equation could be used.  As a result of this 
evaluation, the Muskingum-Cunge routing methodology was selected.  The Muskingum-Cunge 
method mimics diffusion with parameters that are a function of the channel geometry.  An example 
of flood wave attenuation evident from average daily Pecos River streamflow data at three model 
nodes is presented in Figure 1.  The routing algorithm implemented in the RiverWare modeling tool 
was developed as a joint effort on the part of CADSWES, Reclamation, and Tetra Tech. 
 
Several details of the routing method had to be defined before adding the routing method to the 
RiverWare software.  The first issue was that the incremental routing timestep needed by the routing 
algorithm’s finite difference scheme is different than the RiverWare timestep used for the complete 
Pecos River RiverWare model.  An approach was established for setting the grid size for the routing 
method.  RiverWare simulates each designated object for each RiverWare timestep before moving to 
the next RiverWare timestep.  This requires that a separate routing scheme be completed for each 
daily timestep of RiverWare simulation.  An approach was also established for computing a 
reference discharge to use for computing the Muskingum-Cunge routing parameters.  Finally, since 
the Muskingum-Cunge method simulates with instantaneous discharges, average daily flows used in 
the Pecos River RiverWare model are converted to instantaneous flows for routing.  The resulting 
instantaneous flows following routing are then converted back to average daily flows. 
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Figure 1. Example of Flood Wave Attenuation Evident from Pecos River Streamflow Data 
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DISCUSSION 
 
Routing Method Selection: Designated criteria were checked to determine an appropriate flood 
wave routing methodology to use for the Pecos River water operations model.  The criteria are used 
to determine whether terms in the full dynamic wave equation can be neglected to simplify routing.  
The one-dimensional equation of motion for routing open channel flow is shown below (Chow et al, 
1988): 
 

t
V

gx
V
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V

x
y

SS f ∂
∂

−
∂
∂

−
∂
∂

−=
1

0      Equation 1 

 
This equation is also known as the St. Venant equation and is derived from the principle of 
conservation of momentum.  If all of the terms in the equation are neglected except for the friction 
slope (Sf) and bed slope (S0), the kinematic wave equation is derived: 
 

0SS f =         Equation 2 
 
The kinematic wave equation is sufficient for modeling flood waves on steep sloped rivers.  When 
the pressure gradient term,

x
y
∂
∂ , is considered, the diffusive wave equation is represented: 

 

x
y

SS f ∂
∂

−= 0         Equation 3 

 
This term is very important for modeling wave propagation and storage effects within the channel 
for mild slopes and steeply rising/falling hydrographs as experienced in the Pecos River.  Usually, 
very little accuracy is lost if the convective and local acceleration terms are neglected,

x
V

g
V

∂
∂ and

t
V

g ∂
∂1 , 

respectively; thus, the diffusive wave equation is typically sufficient to simulate the downstream 
propagation of a hydrograph.  The full dynamic wave equation is usually necessary only for abruptly 
changing hydrographs (high Froude numbers) such as during a dam breach. 
 
Propagation of a flood wave can be accurately simulated as a kinematic wave if there is no 
floodwave attenuation.  The kinematic wave equation does not predict channel storage, and any 
computed attenuation is induced by approximations in the numerical solution procedures.  Criterion 
to verify the applicability of the kinematic wave approximation to the full dynamic wave momentum 
equation is defined below (Ponce, 1989): 
 

85
0

00 =≥ N
d

VStr
       Equation 4 

 
where  tr is time to peak 
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S0 is bed slope 
V0 is average velocity 
d0 is average flow depth 

 
Most flood waves traveling in mild slope river channels have some physical diffusion and are better 
simulated by a diffusive wave approximation to the full dynamic wave momentum equation.  To 
determine if a flood wave is appropriately modeled as a diffusive wave, the following criterion is 
checked where g is gravitational acceleration (Ponce, 1989): 
 

15
0

0 =≥ M
d
gStr        Equation 5 

 
The required parameters to check these criteria were developed for each reach of the Pecos River 
represented in the Pecos River RiverWare model.  Power functions involving cross section 
geometry, flow, and average velocity were developed for the study reaches.  Time to peak versus 
discharge relationships were determined from wave celerity calculations completed with the power 
function relationships.  The value for tr was assumed to be the travel time through the specific reach 
for the flowrate being checked.  The results from the checks indicate that a diffusive wave routing 
methodology is needed to effectively route low flows in the Pecos River.  The diffusive wave criteria 
is exceeded for the lower Pecos reaches for flows greater than 2000 cfs, but most discharges in the 
Pecos River are less than 2000 cfs due to discharge restrictions through the gates at Sumner Dam. 
The results indicate that the full dynamic equation would be needed to simulate a release greater 
than 2000 cfs. 
 
Muskingum-Cunge Method: Before discussing the issues for adding the Muskingum-Cunge 
method to RiverWare, a succinct derivation of the Muskingum-Cunge method is presented.  The 
Muskingum-Cunge method involves use of a finite difference scheme to solve the Muskingum 
equation where the parameters in the Muskingum equation are determined based on the grid spacing 
for the finite difference scheme and channel geometry characteristics.  The Muskingum equation 
represents the relationship between reach storage and discharge as a flood wave propagates through 
a reach.  The hysteresis effect in the relationship between reach storage and discharge is represented 
in Figure 2.  This concept is also depicted in Figure 3 where the first case represents the storage in 
the reach during the rising limb of a hydrograph, the second case represents uniform flow, and the 
third case represents the storage during the falling limb of the hydrograph.  This hysteresis effect is 
due to the different flood wave speeds during the rising and falling limb of the hydrograph.  For the 
same river stage, the flood wave moves faster during the rising limb of the hydrograph. The effect 
from this variable reach storage-discharge relationship is mimicked by the Muskingum equation for 
reach storage, S: 
 

( )[ OXXIkS −+= 1 ]       Equation 6 
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Figure 2. Storage in a River Reach versus Reach Outflow 
 

 
Figure 3. Depiction of Reach Storage as a Flood Wave Propagates Downstream 
 
The inflow and outflow to the reach are represented by I and O, and k and X are the Muskingum 
travel time and diffusion parameters, respectively.  The equation for continuity (conservation of 
mass) for the reach is defined below: 
 

OI
dt
dS

−=         Equation 7 
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Integrating this equation over an incremental timestep yields the following equation where the 
volume of the inflow and outflow over the timestep are represented by trapezoidal approximations: 
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Combining this equation with the solutions for St+Δt and St from Equation 6 yields the following: 
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The values of the Muskingum k and X parameters can be calibrated from streamflow data or the 
values can be determined from the finite difference grid spacing and channel geometry information.  
The latter is referred to as the Muskingum-Cunge method.  After completing a Taylor series 
expansion of the outflow in the continuity equation (Equation 7) and differentiating the Muskingum 
equation (Equation 6), the resulting two equations can be compared to define equations for the 
Muskingum k and X parameters.  The hydraulic diffusivity in the physical diffusive wave equation is 
set to the numerical diffusion coefficient from the Muskingum method.  Hydraulic diffusivity is the 
coefficient of the second order term in the physical diffusive wave equation.  This second order term 
accounts for wave diffusion.  This relation allows for diffusion to be incorporated into the 
Muskingum scheme as a function of the channel cross section geometry. Refer to Appendix B in 
Engineering Hydrology by Ponce for documentation of this derivation (Ponce, 1989).  The results 
from this derivation are Equations 13 and 14 for the Muskingum k and X parameters: 
 

c
xk Δ

=         Equation 13 

 
where Δx is the incremental spatial step for the finite difference scheme and c is the wave celerity. 
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For development of the Muskingum-Cunge method, the Courant number, C, and the cell Reynold’s 
number, D, can be computed as defined and then used to compute C0, C1, and C2. 
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After manipulating these equations with Equations 10 through 14, the following equations for C0, 
C1, and C2 are derived. 
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Computation of Wave Celerity: J.A. Seddon (1900) studied the computation of wave celerity for 
unsteady flow in rivers.  He concluded that the celerity is equal to 

A
Q
∂
∂ (the partial derivative of flow 

with respect to flow area).  Celerity is the speed of a monoclinal rising wave and is not equivalent to 
the average velocity of a floodwave.  Wave celerity depends on channel geometry, slope, and 
roughness.  When applying Manning’s equation for triangular, wide rectangular, and wide parabolic 
shaped cross sections, the ratio of the celerity to the average velocity is 1.33, 1.67, and 1.44, 
respectively (Kohler, et al, 1975).  For the Pecos River, the following power relationships were 
developed for reaches represented in the Pecos River RiverWare model, and these relationships are 
used to determine the celerity for the Muskingum-Cunge routing computations. 
 

11
βα QA =         Equation 20 

 
22

βα QV =         Equation 21 
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where  A is the cross section area (ft2) 
Q is the discharge (cfs) 
V is the average velocity (ft/s) 
α and β are regression power coefficients and exponents 

 
Equation 20 needs to be manipulated to solve for flow as a function of area: 
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The information for the regression power functions is input into the Pecos River RiverWare model. 
 
Muskingum-Cunge Method in RiverWare: Before reviewing the issues with adding the routing 
method to RiverWare, it’s important to recognize the difference between the routing timestep and 
the RiverWare model timestep.  The RiverWare model timestep is one day for the Pecos River 
RiverWare model.  Since RiverWare runs for the entire river system for each model timestep before 
progressing to the next model timestep, a separate routing scheme simulates for each model 
timestep.  A smaller incremental routing timestep is used for the routing scheme.  An appropriate 
routing timestep is entered by the user for each reach object within the RiverWare model.  An 
appropriate corresponding spatial step for the routing scheme is determined by the model as 
discussed below.  The total reach length is also entered by the RiverWare user. 
 
Reference Discharge: A reference discharge is used to determine the cell Reynolds number within 
the Muskingum-Cunge finite difference scheme.  Within RiverWare, this reference flow is set to the 
average of three known flow values: the flow at the previous incremental routing timestep and 
current incremental spatial step, the flow at the previous incremental routing timestep and previous 
incremental spatial step, and the flow at the previous incremental routing timestep and the previous 
incremental spatial step.  The top width is determined for the reference discharge based on the 
regression power function between top width and flow entered by the RiverWare user, and the slope 
for the reach is also entered by the user. 
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For the routing method within RiverWare, the user inputs an incremental timestep for the finite 
difference scheme, and an appropriate corresponding incremental spatial step is determined by the 
model.  The incremental spatial step is determined such that the Courant number, C, will be close to 
one to reduce the effects of numerical dispersion.  Since the discharge will vary for a simulation, the 
Courant number will also vary.  To pick a value for the incremental spatial step that minimizes the 



effects of numerical dispersion, the user inputs maximum and minimum discharges expected for a 
simulation, and the incremental spatial step is determined using the average of these two discharges: 
 

( minmax2
QQQ xcalcto +=Δ−− )1

     Equation 25 

 
The wave celerity computed with this reference discharge, the input power functions, and Equation 
24 are used in Equation 15 with the input Δt to compute the corresponding Δx such that the Courant 
number will be 1.0.  This Δx is used with the input Δt for the entire simulation for that reach within 
the Pecos River RiverWare model.  Generally, the maximum release through the gates at Sumner 
Dam is a good value to enter for a maximum flow, and a base flow of ten cubic feet per second could 
be used for the minimum flow.  The maximum release from the gates at Sumner Dam is 
approximately 1400 cfs.  If storm inflows result in discharges greater than 1400 cfs, the flood peak is 
recommended for the estimated peak flow. 
 
The value of the Muskingum X parameter cannot be less than zero or greater than 0.5.  If the 
Muskingum X parameter is greater than 0.5, the wave will amplify, and a value less than 0.0 
represents reach storage moving upstream.  This translates to mean that the cell Reynolds number 
cannot be less than zero or greater than 1.0.  If the resulting value of Δx is too small, the cell 
Reynolds number could be greater than 1.0.  RiverWare will abort if the value of the cell Reynolds 
number is not within these boundaries.  This occurs when the user inputs a very small value for Δt.  
For each reach in the Pecos River RiverWare model, appropriate Δt values were determined such 
that the Courant number would be close to one for typical discharges to be simulated.  The selected 
Δt for each reach is presented in Table 1. 
 
Table 1. Selected Δt Values used in the Muskingum-
Cunge Routing Method within RiverWare (hours) 
Santa Rosa to Puerto de Luna 1 
Sumner to Taiban 1 
Taiban to Dunlap 2 
Dunlap to Above Acme 2 
Above Acme to Acme 2 
Acme to Hagerman (Dexter) 4 
Hagerman (Dexter) to Lake Arthur 4 
Lake Arthur to Artesia 4 
Artesia to Kaiser 2 
Brantley to Damsite 3 1 
 
Flow Conversion: The Muskingum-Cunge routing method requires instantaneous flows for the 
inflow hydrograph, but the flows used in the Pecos River RiverWare model are daily average flows. 
 The daily average flows must be converted to instantaneous inflows for routing, and the routing 
results must be converted back to daily average flows.  Assumptions are made to estimate the 
instantaneous flows at each initial incremental routing timestep to provide the necessary initial 
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conditions for the finite difference scheme.  The inflow at each initial incremental timestep is 
determined by interpolating between the inflow for the previous day and the inflow for the current 
day.  The instantaneous routed outflow is converted back to a daily average outflow by using the 
final instantaneous outflow.  This methodology was tested against another methodology for 
converting between average daily flows and instantaneous flows.  For the other configuration, the 
instantaneous inflows are determined by using the inflow for the current day as the inflow at each 
initial incremental timestep, and the final instantaneous routed outflows at each incremental timestep 
are averaged to get the average daily outflow.  Both methods yield the same results and conserve 
volume 100%.  The interpolation method is used in the current RiverWare code. 
 
The initial flows at each incremental spatial step must also be known to provide the boundary 
conditions for the finite difference scheme.  The inflows to each reach are input to the RiverWare 
model by the user, and this flow is used for the initial flow at each spatial step.  Essentially, steady 
flow is assumed along the entire reach for the initial timestep.  The flows at each spatial step at the 
end of the routing scheme for each model timestep are saved and used as the initial flows at each 
spatial step for the next model timestep.  As a result, even though a separate routing scheme 
simulates for each model timestep, the incremental spatial step cannot be changed during a model 
simulation; thus, the same incremental routing timestep and spatial step are used for the entire 
RiverWare simulation. 
 

FUTURE ENHANCEMENTS 
 
Within RiverWare, the routing parameters, C0, C1, and C2, are adjusted at each day of simulation 
based on the inflow for that day.  The reference flow in Equation 16 is recomputed for each day of 
simulation.  This reference flow along with corresponding values for the wave celerity and top width 
are used to compute new values for the cell Reynolds number, D, and the Courant number, C.  This 
adjustment is made to assure the routing parameters are appropriately computed for the given 
inflow; however, changing the C and D values in the middle of a simulation results in a volume 
conservation error.  This error can be significant for sharply rising and falling hydrographs, but the 
volume conservation error for a typical annual Pecos River hydrograph is generally less than 1%.  
This error is monitored as part of a simulation.  This issue will be reviewed to evaluate alternatives 
for reducing this volume conservation error.  Another discrepancy with the current method pertains 
to the determined incremental spatial step used during routing.  This spatial step is not necessarily a 
perfect integer factor of the input reach length, so a small fraction of the reach length is neglected 
during routing. 
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UNSTEADY FLOW MODELING WITH HEC-RAS 
 

By: Gary W. Brunner, P.E., Senior Technical Hydraulic Engineer, Hydrologic 
Engineering Center, U.S. Army Corps of Engineers, Davis, CA;   

Mark E. Forest, P.E., President, WRC Nevada Inc., Reno, Nevada. 
 
 

Abstract:  With the release of Version 3.0 in January of 2001, unsteady flow routing can now be 
performed within HEC-RAS.  This paper will discuss the capabilities contained within HEC-RAS 
for performing unsteady flow analyses, as well as other new features added for Version 3.1.  
Additionally, the application of unsteady flow routing for the Truckee Meadows area (Truckee River 
through Reno and Sparks Nevada) will be presented.  This system is a very complex hydraulic 
modeling problem.  The Truckee Meadows area has both steep and very mild gradients, complex 
overbank flow reaches, large inundation areas, and multiple stream reaches that combine within the 
impacted areas.  The HEC-RAS model was calibrated for existing conditions based upon data 
collected from the 1997 flood, which is the event of record on this segment of the Truckee River.  
The HEC-RAS model was able to consistently match high water mark data within the project area as 
well as the recorded stages and flows where the flow enters the downstream canyon. 
 

 
INTRODUCTION 

 
The Hydrologic Engineering Center’s HEC-RAS (River Analysis System) software allows the user 
to perform one-dimensional river hydraulic analyses.  The software was first released to the public in 
July 1995, at which time it could be used to perform one-dimensional steady flow water surface 
profile calculations.  Subsequent releases added numerous features for steady flow analyses.  HEC-
RAS has the ability to model simple to complex river systems containing numerous types of 
hydraulic structures (bridges, culverts, multiple openings, inline and lateral weirs and gates 
spillways, etc…).   The software can be used to model subcritical, supercritical, or mixed flow 
regimes (hydraulic jumps and draw downs).  Special features of the software include: FEMA 
floodway analyses; split flow optimization; channel modifications; levees; and multiplan analysis. 

  
The ability to perform one-dimensional unsteady flow analysis was added to the software and first 
released in March of 2001.  Several new features have been added to the software since the first 
unsteady flow release, including: mixed flow regime analysis for unsteady flow, dam break 
capability, levee breaching, pump stations, culvert flap gates, and navigation dam operations.  These 
features are the bulk of what was added for the release of HEC-RAS Version 3.1 in June of 2002.  
This paper provides an overview of unsteady flow routing within HEC-RAS, as well as discussions 
of the new features added for Version 3.1.  An application of the HEC-RAS unsteady flow routing 
capability to the Truckee River system is also discussed. 
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OVERVIEW OF UNSTEADY FLOW ROUTING 
 

When unsteady flow computations were added to HEC-RAS, the goal was to utilize the same 
geometric data and hydraulic computations for both steady flow and unsteady flow simulations.  At 
the time, the Corps had adopted the UNET (Barkau, 2001) software for doing most of its unsteady 
flow modeling.  The UNET software could handle simple dendritic river systems to complex flow 
networks.  Additionally, the equation solver was extremely fast for complex data sets.  HEC 
maintained its own version of the UNET software in order to support the Corps field offices.  The 
addition of unsteady flow routing into HEC-RAS was accomplished by taking the unsteady flow 
equation solver of UNET and merging it with the data structures and hydraulic computations of 
HEC-RAS.     

 
The unsteady flow computations within HEC-RAS are performed in the following manner.  First, a 
geometric pre-processor converts the geometry data into a series of tables and rating curves.  Next, 
the unsteady flow matrix solver performs the computations for the specified time window.  Then, a 
post processor computes a number of hydraulic variables as output for each cross section, for each 
water surface profile computed.  Finally, the user can then begin to review the output from the 
simulation. 

 
Geometric Pre-Processor:  The pre-processor is used to process the geometric data into a series of 
hydraulic properties tables and rating curves.  This is done in order to speed up the unsteady flow 
calculations.  Instead of calculating hydraulic variables for each cross-section, during each iteration, 
the program interpolates the hydraulic variables from the tables.  The pre-processor must be 
executed at least once, but then only needs to executed again if something in the geometric data has 
changed. 

 
Cross sections are processed into tables of elevation versus area, conveyance, and storage.  The 
program breaks up a cross section into a minimum of twenty points, but can have up to a maximum 
of 100 points.  An example plot of the cross section conveyance properties is shown in Figure 1.  
Bridges and culverts are processed into a family of rating curves for each structure.  Each curve in 
the family represents a specific tailwater elevation at the structure.  Each curve depicts what the 
resulting headwater elevation will be as the flow rate changes.  An example plot of a family of 
curves for a bridge is shown in Figure 2.  Weirs and gated structures are not pre-processed, and are 
therefore solved on the fly during the unsteady flow computations.  Weir equations are 
computationally efficient to solve and do not need to be pre-processed.  Gated structures would 
require a different family of curves for every possible gate opening.  Therefore pre-processing gated 
structures is not reasonable.   

 
Boundary and Initial Conditions:  The user is required to enter boundary conditions at all of the 
external boundaries of the system, as well as any desired internal locations.  The user is also required 
to set the initial flow and storage area conditions in the system at the beginning of the simulation 
period.  External boundary conditions can consist of the following types:  stage hydrograph; flow 
hydrograph; stage and flow hydrograph; rating curve; and normal depth (Manning’s equation).  
Internal boundary conditions can be defined within a river reach.  The following types of internal 
boundary conditions are available in HEC-RAS: lateral inflow hydrograph (to a single cross 
section); uniform lateral inflow hydrograph (distributed evenly over a range of cross sections); 
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ground water interflow; time series of gate openings (for gated structures); elevation controlled 
gates; navigation dams; and observed internal stage and flow boundaries. 
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Figure 1.  Cross-Section Conveyance Properties Computed By Pre-Processor 
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Figure 2.  Example Family of Rating Curves For a Bridge 
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Initial conditions (flow and stage) must be established at every cross section and storage area in 
order to begin the computations.  Two options are available within HEC-RAS.  The main option is 
for the user to enter initial flows within each of the reaches, and then have the program compute the 
initial stages using standard step backwater calculations.  A second option is to read the initial 
conditions from a “Hot Start” file.  However, this option requires that the flow and stage at every 
node must be written to the file from a previous run of the system. 

 
Unsteady Flow Computations:  Once all of the geometry and unsteady flow data have been 
entered, the user can begin performing the unsteady flow calculations.  The unsteady flow simulation 
is actually a three-step process.  First a program called RDSS reads data from a HEC-DSS (Data 
Storage System database developed at HEC) file and converts it into the user specified computation 
interval.  Next, the unsteady flow equation solver reads the hydraulic properties tables computed by 
the preprocessor, as well as the boundary conditions and flow data from the interface and the RDSS 
program.  The program then performs the unsteady flow calculations.  The final process is a program 
called TABLE.  This software takes the results from the unsteady flow run and writes them to a 
HEC-DSS file.   

 
Post-Processing Results:  The post-processor is used to compute detailed hydraulic information for 
a set of user specified time lines during the unsteady flow simulation period.  In general, the 
unsteady flow solver only computes stage and flow hydrographs at user specified locations.  If the 
post-processor is not run, then the user will only be able to view the stage and flow hydrographs and 
no other output from HEC-RAS.  By running the post-processor, the user will have all of the 
available plots and tables for unsteady flow that HEC-RAS normally produces for steady flow. 

 
When the Post-Processor runs, the program reads the maximum water surface profile (stages and 
flows) and the instantaneous profiles from HEC-DSS.  These computed stages and flow are sent to 
the HEC-RAS steady flow computation program SNET.  Because the stages are already computed, 
the SNET program does not need to calculate a stage, but it does calculate all of the hydraulic 
variables that are normally computed.  This consists of over two hundred hydraulic variables that are 
computed at each cross section for each flow and stage. 
 
Viewing Output:  Once the unsteady flow computations have completed, the user can begin to look 
at the output.  The user can view all of the normal HEC-RAS output (cross sections, profiles, and 3D 
plots, as well as tabular output) for the user specified time lines during the simulation, as well as for 
an overall maximum stage envelope profile that is created.  Additional output that was added 
specifically for unsteady flow simulations consists of: stage and flow hydrograph plots; time series 
tables; and the ability to animate in time the cross section, profile, and 3D plots. 

 
 

NEW FEATURES FOR VERSION 3.1 
 

Since the initial release of HEC-RAS with unsteady flow routing, the following new capabilities 
have been added for the Version 3.1 release:  mixed flow regime for unsteady flow, dam break 
capability, levee breaching, pump stations, culvert flap gates, and navigation dam operations.  Each 
of these features will be discussed in the following paragraphs. 
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Mixed Flow Regime For Unsteady Flow Routing:  The first version of unsteady flow routing 
within HEC-RAS was limited to subcritical flow only.  This was a limitation of the original UNET 
program, which was the basis for HEC-RAS unsteady flow routing.  Modeling mixed flow regime 
(subcritical, supercritical, hydraulic jumps, and draw downs) is quite complicated with an unsteady 
flow model.  In general, most unsteady flow solution algorithms become unstable when the flow 
passes through critical depth.  The solution of the unsteady flow equations is accomplished by 
calculating derivatives (changes in depth and velocity with respect to time and space) in order to 
solve the equations.  When the flow passes through critical depth, the derivatives become very large 
and begin to cause oscillations in the solution.  These oscillations tend to grow larger until the 
program goes completely unstable. 

 
In order to solve the stability problem for a mixed flow regime system, Dr. Danny Fread (Fread, 
1986) developed a methodology called the “Local Partial Inertia Technique.”  The LPI method has 
been adapted to HEC-RAS as an option for solving mixed flow regime problems when using the 
unsteady flow analysis portion of HEC-RAS.  This methodology applies a reduction factor to the 
two inertia terms in the momentum equation as the Froude number goes towards 1.0.  The modified 
momentum equation is show below: 
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where: σ = LPI Factor to multiply by inertial terms. 
FT = Froude number threshold at which factor is set to zero. This value should 

range from 1.0 to 2.0 (default is 1.0) 
Fr = Froude number. 

 m = Exponent of equation, which changes shape of the curve.  This exponent 
can range between 1 and 128 (default value is 10). 

 
The default values for the equation are FT = 1.0 and m = 10.  When the Froude number is greater 
than the threshold value, the factor is set to zero.  The user can change both the Froude number 
threshold and the exponent.  As you increase the value of both the threshold and the exponent, you 
decrease stability but increase the accuracy of the computations.  As you decrease the value of the 
threshold and/or the exponent, you increase stability but decrease the accuracy of the computations.  

 
A profile plot of a mixed flow regime problem is shown in Figure 3.  This example was run with the 
unsteady flow simulation capability within HEC-RAS, using the mixed flow regime option.  The 
example shows a steep reach flowing supercritical, which then transitions into a mild reach.  A 
hydraulic jump occurs on the mild reach.  The mild reach then transitions back to a steep reach, such 
that the flow goes from subcritical to supercritical.  Because of a high downstream boundary 
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condition (for example backwater from a lake), the flow then goes from supercritical to subcritical 
though another hydraulic jump. 
 

0 500 1000 1500 2000 2500 3000

60

65

70

Mixed Flow       Plan: UNSTEADY FLOW     2:59:20 PM

Main Channel Distance (ft)

El
ev

at
io

n 
(ft

)

Legend

WS  01JAN2000 1700

Crit  01JAN2000 1700

Ground

OWS  01JAN2000 1700

Mixed Reach Mixed Reach

 
 

Figure 3.  Example Mixed Flow Regime Run With Unsteady Flow Routing. 
 
 

Dam Break Computations:  HEC-RAS can be used to model both overtopping breaches as well as 
piping failures for earthen dams.  Additionally, the more instantaneous type of failures of concrete 
dams (generally occurring from earthquakes) can also be modeled.  The resulting flood wave is 
routed downstream using the unsteady flow equations.  Inundation mapping of the resulting flood 
can be done with the HEC-GeoRAS program (companion product to HEC-RAS) when GIS data 
(terrain data) are available.   

 
The user is required to enter the dimensions of the final breach, as well as how long the breach took 
to develop.  The breach can be initiated with either an upstream water surface elevation, or a user 
specified time during the simulation.  The breach growth can be linear or nonlinear.  For a nonlinear 
breach growth, the user enters a table of percent of breach versus percent of breach development 
time. 

 
Several plots and tables are available for evaluating the results of a Dam breaching analysis within 
HEC-RAS.  Graphics include cross section, profile, and 3 dimensional plots, all of which can be 
animated on a time step by time step basis in order to visualize what happens.  An example cross-
section plot of a dam while it is breaching is shown in Figure 4.  Additionally, the corresponding 
water surface profile for the same instance in time is shown in Figure 5.  Additionally, hydrographs 
can be viewed at any location in which the user requested hydrograph output.  Shown in Figure 6 is a 
series of hydrographs from the breach shown in the previous figures.  These hydrographs represent 
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the flow leaving the dam and then subsequent locations downstream as the flood wave moved 
through the river system. 
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Figure 4.  Example Plot of Dam While Breaching 
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Figure 5.  Example Profile Plot of Dam Breaching 
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Figure 6.  Flow Hydrographs From Dam To Downstream Locations. 
 
 

Levee Breaching:  Levees can be modeled in HEC-RAS as a lateral weir/embankment.  This allows 
the model to compute water going over the top of a levee as weir flow.  Levees can be connected to 
ponding areas (called storage areas in HEC-RAS) or another river reach.  Levee breaching is handled 
in a similar manner to the dam breaching algorithm.  A levee breach can be modeled as an 
overtopping failure or a piping failure.  As with the dam breaching capability, the user must enter the 
maximum size of the breach, the time it takes the breach to occur, and whether the growth of the 
breach is assumed to be linear or nonlinear.  The initiation of the breach can be based on a water 
surface in the river or a user specified time during the simulation.  Shown in Figure 7 is a profile plot 
from HEC-RAS with a levee breaching. 
 
Pump Stations:  Pump Stations can now be modeled within HEC-RAS.  Pumps can be connected 
between storage areas or river reaches, or any combination of the two.  The user can have up to ten 
different pump groups at a particular pump station.  Each pump group can have up to twenty 
identical pumps (same flow capacity and pump efficiency curve). The user supplies a pump 
efficiency curve (head versus flow) for each pump group.  The pump efficiency curve is used to vary 
the flow in each pump with the change in head. Additionally, the user can set a different on and off 
trigger elevation for each pump contained within a group.  Shown in Figure 8a is an example pump 
connection on the river schematic.  Figure 8b contains flow and stage output for the pump.  In this 
example the pump station is used to pump water from one storage area to another.  The water is 
pumped overtop of a levee which is at elevation 220 ft. 
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Figure 7.  Example Profile Plot With Levee Breech 
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  Figure 8a.  Pump Connection 
 

 Figure 8b.  Pump Stage and Flow Output 
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Culvert Flap Gates:  River systems with levees often have interior ponding areas behind the levees.  

t 

 

avigation Dams

These ponding areas usually have pump stations as well as gravity drains.  The gravity drains are 
normally culverts with flap gates on the levee side.  The flag gates prevent water from going from 
the river into the ponding areas.  After a flood has passed, and the ponding area has a higher water 
surface than the river, water can flow from the ponding area to the river through the culvert.  Culver
flap gate control has been added to the HEC-RAS lateral structure feature.  The lateral structure 
feature in HEC-RAS allows the user to model the levee, as well as gates and culverts that may go
through the levee.  Flap gates can only be place on the gravity draining culverts. 
 
N :  HEC-RAS has an inline structure feature that allows the user to model overflow 

n 

 

APPLICATION OF HEC-RAS UNSTEADY FLOW TO THE TRUCKEE RIVER 
 

he Cities of Reno and Sparks are located within the Truckee Meadows in northwestern Nevada.  
es 

in size 

weirs and gated spillways at a single structure.  The gates can be radial gates or sluice gates.  The 
control of the gates can be accomplished with either a time series of gate openings, an elevation 
controlled gate feature, or a navigation dam option.  The navigation dam operations are used whe
the modeler wants to forecast what gate settings should be used to maintain upstream water surface 
elevations at a particular river station, often called the hinge point.  The software has the ability to 
take forecasted flows and route them through the system, while at the same time automatically 
operate the gates to maintain the user specified elevations at the hinge point and the dam.  An 
example navigation dam is shown in Figure 9. 
 

Figure 9.  Navigation Dam With Hinge Point Locations 

Hinge Point Locations

 
 
 

T
The Truckee River passes through the Truckee Meadows and combines with several other tributari
before exiting the broad shallow gradient valley into the downstream canyon on its way to its 
terminus in Pyramid Lake.  The Truckee River watershed is approximately 1500 square miles 
where it leaves the Truckee Meadows.  The watershed originates in the Sierra Nevada Mountains 
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and includes the Tahoe Basin.  Flooding events on the Truckee River are typically associated with
warm winter precipitation events that produce rainfall on snow and rapid snowmelt.   The events th
have historically produced significant flooding in the Truckee Meadows have occurred typically in 
the period between November and February.  Overbank flooding has occurred in the Truckee 
Meadows approximately every ten (10) to fifteen (15) years.  The most recent flooding events 
occurred in February 1986 and January 1997.  The 1997 event is the event of record for the Tru
River and caused over $500,000,000 in flood related damages in the Truckee Meadows area alone.  
Much of the damages occurred in the industrial areas of the Cities of Sparks and Reno. 
 

 
at 

ckee 

easibility studies are currently underway to evaluate options for structural improvements that will 

adows 

 
 
ver 

odel Setup

F
reduce flooding in the Truckee Meadows area.  Any alternative that reduces flooding in the 
overbanks also has the potential for modifying the outflow hydrograph from the Truckee Me
into the downstream canyon by reducing the overbank storage.  Increases to downstream discharges 
must be evaluated for potential mitigation.  Therefore, the choice of a hydraulic model that can 
properly evaluate these complex interactions of flood flows is important to the evaluation of 
alternatives.  HEC-RAS was selected as the appropriate model because of its ability to perform
unsteady flow computations through a complex network of commingling channels, as well as its
ability to perform lateral weir calculations, route flows through storage areas, and evaluate flow o
in-line weirs. 
 
M :  Based upon field experience gained from observation of the 1986 and 1997 flooding 

ue to the large volume of topographic data required for HEC-RAS to represent these complex 
 

sing 

tional 

odel Calibration

events and photographic evidence, flow interactions with the overbank areas were identified.  Flows 
in the overbank areas are very complex with multiple flow paths.  It was concluded that these 
reaches should be modeled as storage areas to better represent the ponding and storage that occurs in 
this region of the floodplain.  The use of storage areas with lateral weirs also better replicates the 
multiple flow paths that occur over roadways, runways, and taxiways in this area.   
  
D
interactions with channel hydraulics, overflow over lateral weirs, volume relationships of storage
areas and other hydraulic connections, ArcView with HEC-GeoRAS software was employed.   
Topographic mapping was prepared by the Corps of Engineers at a two foot contour interval.  U
additional channel survey data, a digital elevation model was developed in ArcView, which was 
overlayed with a rectified aerial photo.  The cross section data, storage areas, and lateral weir 
profiles were developed in HEC-GeoRAS and then exported to the HEC-RAS software.  Addi
hydraulic structure information (bridges and culverts) were added directly into HEC-RAS, as well as 
defining Manning’s n values and other modeling coefficients. 
 
M :  Model calibration was performed in two steps.  The first step was verification 

on of 

ess values 

of input data, which included verification of: cross section data accuracy; lateral weir profiles to 
represent accurate topographic high point profiles; and inclusion of ineffective flow areas for 
obstructed areas.  The second step to model calibration included the following steps:  comparis
computed rating curves at three USGS gage locations within the model reach with direct 
measurements made at the gage sites for the period of record; adjustment of model roughn
(with variable stage roughness in some reaches) to match direct measurements; adjustment of model 
parameters to match high water marks at other than gage locations; and review of inflow 
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hydrographs to match timing and magnitude of tributary hydrographs with photographic evidence 
and high water marks. 
 
Model Results:  Figure 10 is the representation of the model results overlayed on the aerial 
photograph of the study area produced by the GeoRAS extension to ArcView using the results 
computed by HEC-RAS.  The inundation limits shown match very closely to the observations with 
the exception of the area north of the Reno-Tahoe International Airport.  Since the modeling 
approach used in this area is based on a series of interconnected storage areas, HEC-RAS did not 
model the shallow sheet flow that occurred when the flow left the south bank of the channel and 
flowed southward into the airport.  This is a limitation caused by the selection of methods used.  This 
region of the floodplain may be more accurately modeled with a two dimensional model.  The 
remaining areas of the floodplain very closely replicated observed conditions with respect to limits 
of inundation, water surface elevations, and observed stage and flow data at the gages. 
 

 
Figure 10.  Flood Inundation Results From HEC-RAS Modeling of 1997 Flood. 
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Abstract: Navigation of commerce vessels along inland waterways is an important way 
of transportation to the nation. However, it is difficult for the vessels to pass through 
channel bendways because of the secondary helical current induced by the centrifugal 
force. Using CCHE3D, numerical simulations were carried out to study the flow in 
channel bendways with submerged weirs which were constructed for realigning the flow 
and improving the navigation condition. The simulation results were compared with 
measured physical model data with good agreement. The study demonstrated that 
numerical simulation is a useful and efficient tool for analyzing the flow structure 
affected hydraulic structures.  
 

INTRODUCTION 
To improve navigation in inland waterways, many submerged weirs have been installed 
in bendways by the US Army Corps of Engineers. Lacking a design guide, not all the 
weirs installed in the field are effective as expected. Numerical model had been applied 
to analyze the effectiveness of submerged weirs in the Victoria Bendway, Mississippi 
River (Jia and Wang, 2000), the simulations revealed that the pattern helical flow in the 
Bendway was altered by the submerged weirs and thus improved local navigability to 
certain extend. The validation using field measured velocity data in the study also 
indicated that CCHE3D model is capable of predicting hydrodynamics in the natural 
channels (Jia and Wang, 2001,  Scott, Jia, and Wang, 2001).  
  
To enhance the effectiveness of future weir construction, it is necessary to have a realistic 
design guide showing the optimal design under a variety of flow and channel conditions.  
The numerical model for free-surface three-dimensional turbulent flows, CCHE3D, was 
applied to simulate 3D flows in bendways containing submerged weirs. Since one has to 
understand the mechanism how the flow is affected by the weir field, and confirm the 
numerical model’s capabilities to reproduce the complex flow field, velocity data has 
been measured by Waterway Experimental Station, US Army Corps of Engineers and 
simulation results of CCHE3D were validated. The physical model data were taken in a 
in door curved model channel and flow conditions for the simulations were based on 
those used in the physical model. The comparisons of the model simulation results and 
those measured in the physical model very well validated the model’s capability of 
predicting the flow field around the submerged weirs. Many flow fields in the channel 
were then simulated and some preliminary relationships between the optimal design 
criteria and weir, flow and channel parameters were established and will be reported 
later. 
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VALIDATION OF THE SIMULATIONS 
 
CCHE3D is based on Finite Element Method developed for free surface turbulent flows 
and sediment transport study. This model has been verified and validated using many sets 
of physical model data and field data including cases like curved channel flows, local 
scouring around hydraulic structures, jet impinging flows and headcut propagation, etc. 
Due to the limitation of this paper, details of numerical formulation and solution 
procedures of the model are omitted. 
 
Several physical model tests were conducted at the Waterway Experimental Station, US 
Army Corps of Engineers, Vicksburg, Mississippi. The channel cross-section was 
parabolic slightly skewed near the apex of the bend, the radius of curvature of the center 
line was about 15.2m. Figure 1 shows the bathymetry of the experimental channel, 2D 
and 3D computational domains, the submerged weir and the cross-sectional form. 
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Figure 1. Experimental channel, 2D and 3D simulation domain. 
 
Table 1 shows the flow conditions of one of the physical model for the submerged weir 
design test, flow conditions for other tests cases were in similar range. The same flow 
conditions were used for both with and without a submerged weir, which was installed in 
the channel attaching the outer bank with 20o toward upstream.  The weir was made of 
2cm size gravels, it was rougher than the bed surface of fine sand. The effective 
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roughness in Table 1 was a model parameter obtained by calibration. The flow velocity 
was mild (Re=2x104, Fr=0.178) to avoid sediment transport on the loss bed material.  
  
Table 1. Flow conditions for one of the physical models  

Discharge 
(m3/s) 

Mean 
Velocity 
(m/s) 

Effective bed 
roughness 
height (m) 

Width (m) Mean depth 
(m) 

Maximum 
depth (m) 

Clearance 
(m) 

0.0602 0.185 0.008 2.77 0.11 0.173 0.0872 
 
Velocity data measured with an ADVP device were used to validate the computational 
flow field. Figure 2 shows the bed bathymetry of the channel near the bend apex. The 
submerged weir of α=20o and L=1.8m is clearly seen. The dot lines aligned parallel to the 
weir are measurement ranges. The ranges are numbered from upstream to downstream, 
with three ranges on the front side (upstream) and with the remaining on the back or 
downstream side. The longitudinal spacing between the first and the second range, the 3rd 
and forth, and between the 7th and the last one are 1ft (0.3048m). The spacing between 
the other ranges are 0.5ft (0.1524m). The transversal spacing of points along range 1, 8, 
9, and 10 is 1ft, and that for the rest of ranges is 0.5 ft, forming a concentrated 
measurement zone around the weir.  
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Figure 2. Configuration of velocity measurement points around the submerged weir 
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Figure 3. Comparison of simulated and measured total flow velocities at 0.2h from the 
water surface around the submerged weir, Case 4.    
 
Figure 3 shows the computed and measured velocities along the 10 measurement ranges 
shown in Figure 2. The magnitude of total velocity is compared because ranges were 
across the flow normally and the velocities were basically of the same direction. The 
velocities shown were measured at the location of 20% of local flow depth from the 
water surface. The horizontal axes are the distance from the left (outer) bank of the 
channel.  
 
One should note that at Range 1, 2,and 3 located in front of the weir, the flow velocities 
were suppressed near the center part of the channel due to the high pressure built up by 
the resistance of weir. The closer to the weir the more the flow was suppressed near both 
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the water surface and bottom levels. Velocities near the two sides of the weir, on the 
contrary, accelerate, since the flow separates in the center, more flow was forced passing 
over the two ends of the weir.   
 
Range 4 through 10 were aligned behind the weir. Because of the low pressure behind the 
weir, the velocities in these sections have been slowed, especially in the center area. The 
velocities near the bank were even higher than those in the center part of the channel. 
Further downstream, the influence of the weir decreases and flow gradually recovered 
such that the maximum velocity re-appeared at the center of the profile near the water 
surface quite far away from the weir down stream of Range 10. This increased of velocity 
near the two tips of the weir resulted in some visible erosion or scouring behind the tips. 
Due to the existence of the recirculation behind the weir, the flow velocities at lower 
levels (near bed horizontal velocities) show negative values in terms of the longitudinal 
direction. The measured velocity points are somewhat scattered due to the turbulence 
around the weir, however, the general agreement between the computed and measured 
results is good for all the measured and simulated velocity profiles.  
 
 

FLOW STRUCTURE AROUND A SUBMERGED WEIR 
 
The flow near a submerged weir in a channel bendway is highly three-dimensional and 
complex. Because the dimension of the weir is so large, it is the largest obstacle in the 
flow path. The flow is strongly disturbed by the weir, and its pattern in the vicinity of the 
weir is dominated by the length, height, angle, shape and roughness of the weir.  
 
Figure 4 shows the computed three-dimensional flow field around a submerged weir 
(length of weir=1.8m, α=20o).  The color shading represents the velocity magnitude near 
the bed surface, black vectors show the flow pattern near bed surface and the red vectors 
are in two longitudinal vertical plans. The color contour lines are free surface elevation. 
One can visualize the flow field that there is a large, triangle shaped recirculation zone 
formed behind the weir. The resistance of the weir to the flow builds up a high pressure 
zone (increased water surface elevation) in front of the weir and a low pressure zone 
(decreased water surface elevation) is also formed behind it. The contour lines of the 
water surface shows the pattern of the pressure. Because the weir is not perpendicular to 
the flow direction, the upstream high pressure zone and the downstream low pressure 
zone are not located along a longitudinal line.  
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Figure 4. An oblique view of the near field flow around a submerged weir. 

 
 
The high pressure zone is close to the center of the weir on the upstream side and the low 
pressure zone is closer to the weir tip on the downstream side. The high pressure 
difference accelerates the flow to passing over the top of the weir with flow recirculating 
behind the weir near the bottom to form the recirculation zone. The low pressure zone 
behind the weir also entrains the flow from the two ends of the weir. The triangle shape 
of the recirculation zone is mainly due to the parabolic form of the channel cross-section. 
In the deeper part, the recirculation exited by the shear flow (indicated by the red vectors 
in the vertical plans) is stronger and it takes longer distance to dissipate. This triangular 
recirculation zone can be clearly seen from the physical model experiments.  
 
Upstream of the weir, the high pressure zone slows down the approach flow in the center 
part of the channel and forces it to separate. The secondary flow pattern near the free 
surface is thus being changed. Across the weir, adjacent to the high and low pressure 
zones, the pressure difference tends to re-align the flow, normal to the weir orientation, 
dramatically changing the helical secondary flow pattern. After the flow has passed the 
weir, the flow pattern caused by the weir dissipates gradually downstream. The distance 
to fully recover the flow pattern depends on the flow condition and the weir 
configuration. This distance is important for determining optimal weir spacing. 
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Figures 5 shows how the helical secondary flow varies as the main flow was 
approaching, passing, and leaving the weir. This flow pattern was created by one weir of 
30o angle to the radial line and 1.8m long.  
 
The pattern of the secondary current in the channel varies gradually as the weir is 
approached. Far, upstream from the weir, the single classical helical flow pattern is 
dominant indicating that the influence of the weir is minimal (section 40, 42). As the 
cross-sections closer to the weir, the pressure builds up in front of the weir forcing the 
flow to diverge to two sides. Therefore the secondary current to the left (concave) bank is 
enhanced and the secondary current on the surface of the right side of the section is 
forced to change its direction (section 46, 47). Section 48, 49, 50, 51 and 52 show the 
secondary currents across the weir. Because the weir has a 30o angle, the bed elevation of 
these sections reflects the intersections of the weir and the sections. Since the flow 
direction tends to turn to be normal to the weir line direction (or perpendicular to the weir 
face), a secondary current cell with inverse rotation appears on the right side (or 
downstream) of the weir. The size and magnitude were strong behind the weir and then 
decrease further downstream. After the weir is passed, the inverse secondary current cell 
decreases in size as well as in strength. The cell is still visible at section 70, and does not 
disappear until section 78. 
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 Secondary Vector 1111 J= 51, 52, 53, 54, 55, 56, 57, 58
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Figure 5. Secondary current in sections close to the submerged weir. Flow case 1, long 
weir, angle=30o 
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CONCLUSIONS 

The numerical simulations for flow field with a single weir in an experimental bendway 
channel have been conducted using the three-dimensional numerical model for free 
surface turbulent flows, CCHE3D. Measured flow velocities around the submerged weir 
have been used to validate the simulation results. The comparisons show good 
agreements and the consistency of the numerical model and the physical experiments 
were confirmed. These validations enhanced our confidence on the numerical simulation 
results of the effectiveness of submerged weirs. 
 
Secondary currents in these simulation channels were then studied to see how the weirs 
were influencing the flow field and therefore the towboat navigation. It was found that 
the submerged weir has resulted in a skewed pressure field which has the effect to 
separate the approach main flow and force the flow toward to the two ends of the weir so 
that the velocity near the bank was faster than that in the center region. The low pressure 
behind the weir created a triangle shaped recirculation zone and an inverse secondary 
cell. The normal secondary helical current pattern in a cross-section was disturbed by the 
weir, especially in its vicinity. The surface flow direction in a long strip zone was 
realigned to be favorable to the navigation.   
 
 

ACKNOWLEDGEMENT 
Dr. Steve Scott, Research Hydraulic Engineer of the Coastal & Hydraulic Engineering 
Laboratory of ERDC in Vicksburg, has provided valuable physical model data and 
actively involved in the research. All of the meshes used for computations were generated 
by research assistant Mr. Yaoxin Zhang. 
 
 
 

REFERENCES 
Jia and Wang, 2000, “Numerical simulations of the channel flow with submerged weirs 

in Victoria Bendway, Mississippi River”, NCCHE technical report: NCCHE-TR-
2000-3, National Center for Computational Hydroscience and Engineering, The 
University of Mississippi. 

 
Jia, Y. and Wang, S.S.Y., 2001 “Numerical model verification and simulation of free 

surface flow in Mississippi River”, Proceedings of ASCE 2001 World Water & 
Environmental Resources, CD-ROM. 

 
Steve Scott, S., Jia, Y. and Wang, S.S.Y., 2001, “3D numerical simulation of flow in 

Mississippi River and validation using field data”,  Proceedings of IAHR 29th 
Congress, Beijing, China. 

 
Waterway Simulation Technology, Inc. 1999, “A physical model test plan for bend way 

weir design criteria”. 
 

 9



USE OF VELOCITY DATA TO CALIBRATE AND VALIDATE 
TWO-DIMENSIONAL HYDRODYNAMIC MODELS 

 
Chad R. Wagner and David S. Mueller 

U.S. Geological Survey 
9818 Bluegrass Parkway 

Louisville, KY 40299 
502-493-1912 

 
Abstract:  Calibration and validation of two-dimensional numerical hydrodynamic models often 
are limited to matching water-surface elevations and producing reasonable flow fields. With the 
advancement of acoustic Doppler current profilers (ADCPs), it is now cost effective to collect 
detailed field data and calibrate and validate models to match measured velocity fields. The U.S. 
Geological Survey (USGS), Kentucky District has used a combination of water-surface 
elevations and measured velocity fields to calibrate two models of the Ohio River. Calibrated 
models that adequately matched water-surface elevations did not necessarily guarantee an 
adequate match of the measured flow field. 
 
The model calibration and validation process for both models included matching water-surface 
elevations, and ADCP velocity direction and magnitude profiles at cross sections throughout the 
study reach. The ability to compare the model to measured velocity data improved the overall 
calibration of the models from what would have been possible with only water-surface-elevation 
data. 
 

INTRODUCTION 
 
General:  Flow models typically are calibrated and verified with water-surface elevations at a 
few locations in a model domain.  It is rare that model simulated velocities are verified with 
measured data.  To demonstrate the use of acoustic Doppler current profiler (ADCP) velocity 
data as well as measured water-surface elevations to calibrate and validate two-dimensional flow 
models, two models prepared by the US Geological Survey as part of the Ohio River Sanitation 
Commission (ORSANCO) study and the Olmsted Locks and Dam study are presented. 
 
ORSANCO Study:  The USGS, as part of an ORSANCO water-quality project, developed and 
field validated a two-dimensional RMA-2 model for a 40-mile study reach near Louisville, Ky 
(Ohio River miles 590-630).  A separate ORSANCO contractor planned to use the modeled 
velocities to provide the advective component of a simple water-quality model to evaluate wet- 
weather water-quality problems and control measures for large river communities. Because of 
the hydrodynamic complexities induced by McAlpine Locks and Dam (Ohio River mile 607), 
the model was split into two segments; an upstream river reach that extended from dam upstream 
to the upper terminus of the study reach (Ohio River mile 590) and a downstream reach that 
extended from the dam downstream to a lower terminus at Ohio River mile 636.  Floodplains 
were not included in the model simulations because low-flow periods spanning the recreational 
contact period from May through September were emphasized in this study. 
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Olmsted Locks and Dam Study:  The knowledge and experience gained from the ORSANCO 
modeling efforts were transferable to a study on a 9.5-mile reach of the Ohio River near the U.S. 
Army Corps of Engineers (COE) Olmsted Locks and Dam project at Ohio River mile 964.4.  The 
purpose of the Olmsted model was to provide the hydrodynamics input for a two-dimensional 
sediment transport model capable of estimating the effects that the phased in-the-wet 
construction sequence of the Olmsted Locks and Dam would have on sediment-transport patterns 
in the reach, and in particular at a mussel bed located downstream of the dam construction site.      

 
FIELD DATA COLLECTION AND INTERPRETATION 

General:  At least two data sets are required to adequately calibrate and validate a numerical 
model.  The general procedure used to calibrate and validate the RMA-2 models was to first 
collect field data that allowed the development of the computational mesh.  The models then 
were calibrated to the water-surface elevations and velocities observed in the field for the initial 
flow.  An additional one or two flow conditions then were simulated without changing the 
computational mesh or model parameters, and the simulated water-surface elevations and 
velocities were compared with those measured in the field to validate the model. 
 
To document the changes in river stage during a hydraulic survey, the water-surface elevations 
were surveyed in the morning and then again in the afternoon.  The average water-surface 
elevation was used to determine a water-surface slope corresponding to the average discharge 
measured during the survey. 
 
ORSANCO Study:  Water-surface elevations, channel bathymetry, and detailed water-velocity 
measurements were collected at two different flow conditions (36,000 and 390,000 ft3/s).  Water-
surface elevations were measured at 10 locations (4 upstream and 6 downstream) along the study 
reach concurrent with both hydraulic surveys.  Detailed water-velocity measurements and 
channel bathymetry data were collected at 30 cross sections (12 upstream and 18 downstream) 
spaced approximate 1.5 mi apart, during each of the hydraulic surveys (fig. 1).  In addition, a 
detailed bathymetric survey of the upstream reach was completed to complement the 
hydrographic surveys available from the COE. 
 
Water Surface Elevations:  Water-surface elevations at 7 of the 10 locations throughout the 
reach (fig 1) were surveyed with a total station and the remaining three locations were USGS 
gaging stations. 
 
The 40-mi study section of the Ohio River includes a total of four USGS stream gages—two 
each in both the upstream and downstream reaches (fig.1).  Both upstream gages—one located 
on the Second Street Bridge (number 03293548) and the other at Indiana Pass (number 
03293550) — are located near river mile 604 and are used by the COE, Louisville District in 
maintaining the McAlpine normal pool elevation.  The Second Street Bridge station was only 
active during the later portion of the study and was not used in the model calibration. The 
McAlpine tailwater and Kosmosdale gaging stations (numbers 03294500 and 03294600, 
respectively) are located within the downstream reach. 
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Figure 1. – Location of hydrographic survey cross sections, surveyed water-surface elevation stations, and U.S. Geological Survey 
(USGS) gaging stations in the ORSANCO Ohio River study reach near Louisville, Kentucky.

 



 

Velocity and Discharge:  Water-velocity and discharge data were collected from a moving boat.  
The horizontal position of the boat was measured using a differentially corrected global 
positioning system (DGPS) receiver. The DGPS receiver used is the study receives its 
differential corrections from a commercial service’s communications satellite.  The manufacturer 
specifies the unit to be accurate to 3.3 ft at two standard deviations; tests and prior use of this 
unit indicate that typically about 80 percent of the data are within 3.3 ft of the true location. 
 
Recent advances in velocity-measurement technology allow three-dimensional velocities to be 
collected from a moving boat using an ADCP (Oberg and Mueller, 1994; Mueller, 1996).  All 
velocities were measured with an ADCP.  The ADCP allows three-dimensional velocities to be 
measured from approximately 3 ft beneath the water surface to within 6 percent of the total depth 
to the bottom.  Established methods were used to estimate the discharge in the unmeasured top 
and bottom portions of the profile (Simpson and Oltmann, 1991).  Cross-sectional average 
velocities were computed by dividing the measured discharge by the measured cross-sectional 
area.  In addition, depth-averaged velocities were computed for subsections of the flow in each 
cross section; however, these discrete depth-averaged velocities were computed as an average of 
the measured velocity and did not account for the velocity in the unmeasured portions of the 
water column. Analysis of this method showed that depth averaged velocities should be within 5 
percent of the mean that would result if the entire water column could have been measured. In 
order to compensate for the slight changes in river discharge (typically less than 10 percent) 
during the survey, all of the collected discharge measurements were averaged to produce a flow 
rate that was representative of the entire survey period.   
 
Olmsted Locks and Dam Study:  Water-surface elevations, channel bathymetry, and detailed 
water-velocity measurements were collected at three different flow conditions (72,200, 350,000 
and 750,000 ft3/s).  Water-surface elevations were determined at three locations along the study 
reach concurrent with all three hydraulic surveys.  Detailed water-velocity measurements and 
channel bathymetry data were collected at 15 cross sections (fig. 2), spaced approximately 2,000 
ft apart, during each of the hydraulic surveys in accordance with methods described in the 
ORSANCO study.  Field data processing methods also were similar to those of the ORSANCO 
study. 
 

DISCUSSION OF CALIBRATION AND VALIDATION 

ORSANCO Study:  Data from the low-flow (36,000 ft3/s) hydraulic survey were used to 
calibrate the model and data from the high-flow (390,000 ft3/s) survey were used to validate the 
model.  The calibration and validation process consisted of comparing the simulated water-
surface elevations at the 10 water-surface elevation stations and 30 cross-sectional velocity 
profiles with those surveyed in the field.  A Manning’s roughness coefficient (n) was assigned to 
each element and iteratively adjusted until the model adequately simulated the surveyed water-
surface elevations.  Initially, a Manning’s roughness coefficient (n) of 0.025 at all elements 
provided the best fit with the water-surface elevations for both low- and high-flow conditions.     
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Inspection of the velocity profiles collected in the field showed that no-slip conditions along the 
riverbanks were required to obtain an accurate velocity distribution in the cross-section.  To 
simulate the no-slip condition with RMA-2, the Manning’s n value was increased to 0.035 for 
one row of elements along the outer boundary of the mesh.  The calibrated Manning’s n in the 
remainder of the channel was lowered to 0.024.  This combination of Manning’s n produced the 
best simulation of water-surface elevation (table 1 and 2), velocity magnitudes, and lateral 
velocity distribution for both low- and high-flow conditions.     

 

 
Figure 2. Olmsted Locks and Dam study reach with location of hydrographic 
-survey cross-sections near Olmsted, Illinois. 
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Table 1.   Summary of water-surface elevation calibration and validation for the upstream Ohio 
River reach, in downstream station order. 
[WS, water surface; ft, feet; Elev, elevation] 

Field Model Field Model
WS Elev WS Elev Difference WS Elev WS Elev Difference

Station (ft) (ft) (ft) (ft) (ft) (ft)
Harmony Landing 419.99 419.66 -0.33 427.59 427.68 0.09

Louisville Water Company 419.91 419.64 -.27 426.51 426.46 -.05
.

Cox's Park Well 419.86 419.62 -.24 425.19 425.04 -.15

Indiana Pass 419.60 419.60 0 423.88 423.90 .02

2/16/00 High Flow8/13/1998 Low Flow

 
Table 2.   Summary of water-surface elevation calibration and validation for the downstream 
Ohio River reach, in downstream station order.  
[WS, water surface; ft, feet; TW, tailwater; Elev, elevation] 

Field Model Field Model
WS Elev WS Elev Difference WS Elev WS Elev Difference

Station (ft) (ft) (ft) (ft) (ft) (ft)
McAlpine TW 385.20 384.90 -0.30 416.18 416.13 -0.05

Shawnee Well 384.75 384.50 -.25 415.10 415.21 .11

RR-22 Well 384.68 384.20 -.48 413.65 413.83 .18

Kosmosdale 383.85 383.50 -.35 410.10 410.12 .02

West Point 383.54 383.40 -.14 409.70 409.50 -.20

2/17/2000 High Flow5/19/2000 Low Flow

 
The simulated velocity magnitudes and distributions in the upstream reach compared well with 
the field measurements.  A comparison of the model and field-velocity profiles for cross-section 
number 5, which is 13 mi upstream from McAlpine Locks and Dam, is shown in figure 3. The 
shapes of the field- and model-velocity distributions are similar, and the model velocity 
magnitudes were within 0.1 ft/s of the average field values. 
 
Comparison of the simulated velocity magnitudes and distributions, in the downstream reach, 
with field measured values indicate good agreement for the low-flow simulation but less 
favorable agreement for the high-flow simulation.  Examples of the agreement between the low-
flow simulated velocities and the field-measured velocities are shown in figure 4.  The maximum 
difference at low flow was about 0.25 ft/s.  For the high-flow condition, the simulated velocities 
were consistently greater than the measured velocities, despite excellent agreement in the water-
surface elevations.
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A. Low-flow velocity profile comparison 

0 200 400 600 800 1,000 1,200 1,400 1,600 1,800

DISTANCE FROM LEFT BANK, IN FEET

0.0

0.2

0.4

0.6

0.8
VE

LO
C

IT
Y,

 IN
 F

EE
T 

PE
R

 S
EC

O
N

D
Field
Model - NoSlip
Model - Slip

 
B. High-flow velocity profile comparison 
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Figure 3.  Field measured and model simulated velocity profiles at cross section 5, 
13 miles upstream from McAlpine Locks and Dam near Louisville, Kentucky. 
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A. Low flow velocity profile for cross-section 19 
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B. Low flow velocity profile for cross-section 25  
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Figure 4. - Field measured and model simulated low-flow velocity profiles at  
cross-sections 19 and 25 in the downstream Ohio River study reach near Louisville, Kentucky. 
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To identify the cause of the disagreement between the simulated and measured velocities for the 
high-flow condition, the cross-sectional areas of the model bathymetry were compared to the 
cross-sectional areas measured during the high-water survey.  The differences between the 
magnitudes of the average cross-sectional velocities for the model and the field were correlated 
closely with differences in cross-sectional area. Comparison of the bathymetry collected during 
the high-flow hydraulic survey and the bathymetry used to develop the model showed that scour 
of the channel bottom occurred during high flow.   The inability of the model to simulate the 
scouring of the channel bed is the primary reason for the differences between the model and field 
cross-sectional areas and average velocities during the high-flow condition.   
 
The model was calibrated and validated using water-surface elevations and average cross-section 
velocities to achieve the minimum error for both high- and low-flow conditions.  The simulated 
low-flow water-surface elevations typically were biased between 0.0 and 0.48 ft low, whereas 
the simulated high-flow, water-surface elevations were within 0.2 ft of the field conditions.  
Simulated, average cross-section velocities typically were within 0.1 ft/s for low flow and 0.3 ft/s 
for high flow when compared with field data.  On the basis of the calibration and validation 
results, the model is a representative simulation of the Ohio River steady-flow patterns below 
discharges of approximately 400,000 ft3/s (cubic feet per second). 

Olmsted Locks and Dam Study:  The model was calibrated to an intermediate-flow hydraulic 
survey (approximately 350,000 ft3/s) and verified with data collected during a high and low-flow 
period (approximately 750,000 ft3/s and 72,200 ft3/s, respectively).  The calibration and 
validation process consisted of comparing the simulated water-surface elevations at 3 water-
surface elevation stations and 15 cross-sectional velocity profiles with those surveyed in the 
field.  A Manning’s n value was assigned to each element and iteratively adjusted until the model 
adequately simulated the surveyed water-surface elevations.  Initially, a Manning’s n value of 
0.021 at all elements provided the best fit with the water-surface elevations for low-, mid- and 
high-flow conditions. 
 
Inspection of the velocity profiles collected in the field showed that no-slip conditions along the 
riverbanks were required to obtain an accurate velocity distribution in the cross-section.  To 
simulate this no-slip condition with RMA-2, the Manning’s n value was increased to 0.036 for 
one row of elements along the outer boundary of the mesh.  The calibrated Manning’s n in the 
remainder of the channel was lowered to 0.020.  This combination of Manning’s n produced the 
best simulation of water-surface elevation (table 3), velocity magnitudes, and lateral velocity 
distribution for all of the measured flow conditions. 
 
The simulated velocity magnitudes and distributions in the upstream reach compared well with 
the field measurements.  A comparison of the model and field-velocity profiles for cross-section 
number 4 is shown in Figure 5; cross-section 4 is located 1000 ft downstream from the Olmsted 
Locks and Dam construction site. The shapes of the field- and model-velocity distributions 
throughout the reach were similar. The average simulated cross-sectional velocity magnitudes 
were within 0.3 ft/s of those measured in the field. 
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Table 3.   Summary of water-surface elevation calibration and validation at the Olmsted Locks 
and Dam construction site.  
 
[WS, water surface; ft, feet; Elev, elevation; cfs, cubic feet per second] 

 Field Model
Discharge WS Elev WS Elev Difference

(cfs) (ft) (ft) (ft)
72,200 286.84 287.06 0.22
350,000 305.94 306.00 0.06
750,000 322.34 322.10 -0.24

 

 

 
Because the hydrodynamics are going to be used in a two-dimensional sediment transport model, 
the velocity directions also were a very important part of the calibration and validation process.  
A comparison of the simulated velocity vectors and those collected in the field shown in figure 6 
indicates that the model accurately represents the field data throughout the reach, even in the 
hydraulically complex areas of reverse flow. 
 

SUMMARY 
 
The model calibration and validation process for both models included matching water-surface 
elevations and ADCP velocity direction and magnitude profiles at cross sections throughout the 
study reach. The USGS Kentucky District’s ability to compare the model to measured velocity 
data improved the overall calibration of the models from what would have been possible with 
only water-surface elevation data. In addition, the visual comparison of the modeled velocity 
vectors with the measured velocity vectors provided a validation of the model that was easy to 
understand by non-modelers.       
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  Figure 5. - Field measured and model simulated velocity profiles at cross section 4, 1000 ft downstream of Olmsted Locks and Dam. 
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Figure 6. - Field measured and model simulated velocity vectors at cross section 4 during the mid flow and cross section 2 during the 
low flow, near the Olmsted Locks and Dam construction site. 
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Abstract: State of the art challenges in sustainable management of the water resources have created demand 
for integrated, flexible and easy to use hydrological models which are able to simulate the quantitative and 
qualitative aspects of the hydrological cycle with a sufficient degree of certainty. Although there are 
numerous models available it can be stated, that these models are most often constrained to specific scales 
and purposes they have been developed for and are therefore having some stronger but although some 
weaker parts, depending on the primary goal which guided there development. 

To provide a solution for flexible and modularised model development and application the Object Modelling 
System OMS has been developed in a joint approach by the USGS (Denver, Col.), the USDA (Fort Collins, 
Col.) and the FSU (Jena, Germany). The OMS provides a modern modelling framework, which allows the 
implementation of single process modules which can be compiled and applied as custom tailored model 
assemblies. Some models like the PRMS and the RZWQM have already been integrated into the OMS. 

Due to the original design of the PRMS and the RZWQM the modularisation of these model was confronted 
with some restrictions, which are limiting the independent use of the single modules under different 
circumstances. Therefore the model development team of the Department of Geoinformatics (FSU-Jena) 
together with the OMS development team at the USDA and the USGS will implement lean and scientifically 
sound process modules on basis of the J2000 and other models which are inline with the idea of granularity 
and encapsulation offered by the OMS. From each of those models the best parts will be extracted, reworked 
and finally implemented as parts of the OMS module library providing a pool of scientific sound model 
pieces which can be assembled and compiled to state of the art and scientifically sound model concepts for 
different scales and modelling purposes. 

Keywords: Object-oriented modelling system; OMS; modular model development 

 

1 INTRODUCTION 

With the implementation of the European Water 
Framework Directive (WFD) in December 2000 
prognostic modelling for sustainable management 
of water resources has become even more 
important than it was before. The goals set up by 
the WFD forces a stronger integrative and 
multidisciplinary approach than it was usual 
practiced in the last decades. Besides quantitative 
and qualitative hydrological problems socio-
economic and legislative objectives have to be 
considered also to find the best solutions for the 

maintenance or improvement of the water quality 
in European water bodies. 

Even it is unchallenged that such an 
interdisciplinary and holistic approach is the most 
promising way to reach the goals set up by the 
WFD it has to be stated that such an approach 
introduces new problems which have to be solved 
in advance. The most obvious problem is the fact 
that each of the single disciplines, involved in the 
development of strategies for sustainable 
management of water resources, is using there 
own methods and tools for prognostic simulation 
and modelling of the single processes of the water 



 

cycle throughout Europe. This is not only true 
from the multidisciplinary standpoint but also from 
a regional point of few. Scientists from one 
discipline in one part of Europe use often different 
models for the same purpose as other scientists in 
other parts of the continent do because the 
constraints and environmental circumstances are 
different.  

The most significant differences between the 
single models or modelling systems applied in 
Europe and worldwide can be found in the specific 
model cores where the methods for the simulation 
of the single processes are implemented. On the 
other hand all models or modelling system have 
systematic functionalities, e.g. data in- and output, 
which are principally common for all models even 
if they had been implemented in different ways.  

For future proof model development and 
application a modular approach, which divides the 
systematic routines from the scientific parts, can 
be considered as the most promising way. Such an 
approach should provide the basic functionality for 
data in- and output, application and 
communication of the single components etc. as 
well as an application programming interface 
(API) for the implementation of the scientific 
methods in form of encapsulated programme 
modules. The most relevant benefit of such a 
framework for the model developers would be that 
they could concentrate on the implementation of 
most suitable methods itself. Whereas model users 
would appreciate it that they are always be 
confronted with a familiar interface and modeling 
environment. 

With the Object Modeling System developed by 
Olaf David at the Friedrich-Schiller-University in 
Jena Germany and at the United States Department 
for Agriculture in Fort Collins Colorado USA such 
a modelling framework has become available and 
should be introduced with this paper. Additionally 
the ongoing work on this project and the current 
development and implementation of suitable 
programme modules will be outlined too. 

 

2 THE OBJECT MODELING SYSTEM 
OMS 

The idea of development of a modelling 
framework was realized by Leavesley et al. [1996] 
with the implementation of the Modular Modeling 
System MMS. In the MMS user’s manual it was 
explained that it is a framework for modelling that 
can be used to develop, support and apply any 
dynamic model. After 6 years of practical use of 
the MMS at the USGS and at other facilities it can 
be stated that the MMS had not really reached this 

stage. The reason for this can be seen in the fact 
that the implementation of the MMS was strongly 
influenced by the layout of the Precipitation 
Runoff Modeling System PRMS [Leavesley et al. 
1983] for which it has been developed for.  

The PRMS influence in the MMS can be found in 
many parts of it ranging from data in- and output 
over parameterisation functionalities down to the 
implementation of the single process modules. On 
the other hands a solid fundament for a flexible 
modelling framework was lain which was the 
guideline for the development of the OMS. 

The idea of the Object Modeling System OMS was 
to take the good parts and ideas of the MMS but to 
implement them as a really independent modelling 
framework. For this purpose a clear object 
oriented approach was chosen and implemented in 
Java which makes the OMS system independent. 
The single parts of the whole framework: the user 
interface, the system core and the system’s 
extensions were clearly divided from each other. 
The communication between the single parts was 
realised by well designed interfaces.   

 

2.1 The Graphical User Interface Framework 

The core of the Graphical User Interface (GUI) 
Framework of the OMS (figure 1) was designed as 
a base system which acts as an application 
skeleton for specific packages. It provides 
common UI elements like tool bar, desktop, trees 
and panels and allows the customisation 
depending on the modeller’s or user’s demand. 

The interaction between the single components of 
the GUI can most times be performed by simple 
drag and drop features from one component to the 
other. 

Figure 1: The OMS Graphical User Interface 

Additionally the core GUI provides a command 
line or scripting interface based on the scripting 
language Python. The build in Python interpreter 



 

allows internal and external script processing 
which provides the user with the possibility to 
fulfil specific tasks by simple scripts on the one 
hand and to influence any process currently 
running interactively via the interface. Any task 
issued via the interface is logged in a history file, 
which later can be used for the definition of new 
script files. 

 

2.2 The OMS Extensions 

The connection between the graphical user 
interface and the OMS system core is realised by a 
set of extension which can be plugged in on 
demand. Fully developed extensions are available 
for: 

• Component development 

• Component application 

• Dictionary framework 

Additional extensions for data visualisation 
including GIS functionality and for native module 
development are currently under development. 

The purpose of the Component development 
extension is to allow the interactive construction 
of models based on available components. A 
component in this context can be understood as a 
fundamental unit of a large scale software 
construction, i.e. a programme module. For the use 
inside OMS each component must have two parts: 
(i) an interface which is visible to the outside 
world and which describes the entry and exit of the 
component in the model context. (ii) an 
implementation part where the principal 
functionality, i.e. the programming code, is 
enclosed. The connectivity between the single 
components and the OMS framework is realised 
by XML descriptors, which are mapped into the 
visual view. Additional functionality, which is 
implemented into the component development 
extension assists the user/developer by the 
validation of appropriate components connectivity, 
i.e. it determines and visualises unresolved 
variables the single components need and helps the 
user to find others which are providing these 
variables (figure 2). 

After the assemblage of specific models by use of 
the component development extension, they can be 
drag and dropped to the Component application 
extension. The purpose of this extension is to 
prepare the single models for the run. Therefore 
the following steps are performed by the 
component application extension: (i) specific 
parameter sets are loaded; (ii) the model is 
initialised by the parameters; (iii) input data files 

are determined and loaded; and finally (iv) the 
user can customize the output he likes to obtain. 

Once again nearly every user involved interaction 
can be performed by drag and drop mechanisms. 
The user visible interface for this functionality is 
provided by XML descriptors located in specific 
dictionaries for data, components and parameters. 
Therefore different ways are implemented: the 
user can either drag the model assemblage directly 
from the component development branch of the 
tree view to the application branch or from the 
dictionary view of the desktop or he can simply 
open a specific model layout as a file. 

Regardless which way the user chooses the system 

afterwards loads all necessary system and model 
components and establishes the component 
connectivity without further input from the user. 
During model application OMS provides different 
views for the parameter sets which gives the 
opportunity to alter any of the parameters for 
model calibration or optimisation purposes. 
Parameter manipulation can be performed by 
simple spreadsheet operations visible in the 
desktop view, which allow addition, 
multiplication, increase and decrease of single or 
grouped parameters. Each parameter change or 
update is logged in specific files to provide 
transparency during model application. Another 
way to get access to the parameter set is provided 
by the command line interface as described above 
by the use of the build in Python commands. 

Figure 2: Tree view of the component 
development extension 



 

In addition to the facilities for initialising the 
model and change the parameters the component 
application extension offers nice designed 
interfaces for customizing the output (figure 3).By 
this interface the user can define plots for the 
output of the single variables. The plots and 
diagrams can be changed by the selection of 
different driving variables, by adding labels, 
changing axes etc. 

The third extension of the OMS, the Dictionary 
Framework can be considered as the link between 
the systems components and the specific model or 
module implementation. Each and every 
component has to be described by specific XML 
descriptors. These descriptors are managed 
together inside the dictionary framework in 
different specific libraries like parameter, 
components and data libraries. The dictionary 
framework extension is responsible for the 
interaction of the single components described in 
the different dictionaries. The XML description 
are mapped to the desktop in Dictionary Windows 
which provide content specific views of the 
components and offer functionalities for e.g. the 

selection of subsets, sorting of entries etc.  

As mentioned above additional extensions are 
currently under development. One of them is a 
GIS extension, which will provide a spatial 
oriented data interface for visualisation, query and 
analysis of raster and vector data. Additionally this 
extension will contain functions for fundamental 
GIS operations as defined by the Open GIS 
Consortium. 

 

3 USING THE OMS FOR MODEL 
DEVELOPMENT 

As mentioned in the abstract the PRMS and the 
Root Zone Water Quality [DeCoursey et al. 1992] 
have already been adapted to the OMS. Both 
models where originally implemented in Fortran. 
For the adaptation of original source code to the 
object oriented and dynamic design of the OMS, 
written in other languages than Java, routines 
which wrap the original source code and 
implement them in OMS readable components 
have been developed. The advantage of such 
wrappers can be seen in a distinct reduction of the 

Figure 3: The Component application extension of the Object Modeling System 



 

workload during the migration of already existent 
models. On the other hand the wrapping of 
original source code inducts the drawback that not 
all of the functionality offered by the OMS can be 
fully utilized.  

 

4 IMPLEMENTATION OF NEW OMS 
MODULES 

In contrast to the wrapping of native code a more 
future proof approach would be the extraction of 
most suitable routines from existent models and 
reprogram them in form of consistent OMS 
modules. A setup of such a consistent module 
library for the OMS is currently accomplished by 
the modelling workgroup at the Department of 
Geoinformatics at the FSU Jena, Germany. For 
this purpose different quantitative and qualitative 
hydrological models, like the PRMS, the J2000 
[Krause 2001] and the WASMOD [Reiche 1996] 
and others which have been extensively tested and 
applied at the Department will be used as a basis. 
From each of these models the best pieces will be 
extracted, reprogrammed and implemented as 
native OMS modules.  

The development and implementation of the native 
module library is currently complemented by the 
development of an object-oriented hydrological 
data model designed and implemented in XML 
and Java. This data model enhanced by a 
Hydrological Markup Language will function as 
an interface between spatial distributed or 
relational input data stored in various data bases 
and models implemented into the OMS. To assist 
the user during data selection and to cope with the 
task of data presentation a visualisation package 
using the Visualisation for Algorithm 
Development (VisAD) components [Hibbard et al. 
1999] and the Scalable Vector Graphic (SVG) will 
be implemented.  

The OMS project (http://oms.gpsr.colostate.edu) 
and its extensions are following the open source 
concepts and are therefore available via the 
Internet free of charge. Every interested party is 
invited to join the project by either using the 
system and its components or/and by the 
distribution of own modules and components for 
the OMS and its related projects. 

 

5 CONCLUSIONS 

With the Object Modeling System OMS a state of 
the art framework for model development and 
application has become available. The OMS itself 
provides a large amount of functionality and 

flexibility, which helps model developers to 
concentrate on their specific key research 
problems. The well known hydrological model 
PRMS and the RZWQM have already been 
integrated into the system.  

At the Department for Geoinformatics at the 
Friedrich-Schiller-University in Jena, Germany the 
development and implementation of a native 
module library is currently accomplished. 
Additionally an object-oriented data model for a 
stronger systematical description of river basins 
and their hydrological objects is at present under 
development.  

The object-oriented and modular approach of the 
OMS and the models implemented in it provides 
the basis for efficient and more future proof model 
development which is urgently needed for the 
challenges raised by environmental key questions 
like sustainable management of water resources or 
global change of climate. 
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INTRODUCTION 

As simulations of the environment become more comprehensive, there is a growing need to 
share models and data sets among groups that previously operated independently. One of the 
largest obstacles to such sharing is that most groups use different approaches for representing 
and interchanging environmental data. 

Currently, most models or modeling systems use one or more of their own data file formats or 
metadata standards. As a result, sharing even relatively simple observations, such as a time series 
of rainfall at one location, between different modeling systems often requires nontrivial effort. 
Further, the infrequent use of common metadata standards by many modeling communities 
increases the likelihood that shared data sets will be applied in an inappropriate manner. 

Recognizing that they share some common interests in multimedia modeling, last year the 
Environmental Protection Agency and five other Federal agencies signed a memorandum of 
understanding (MOU) to cooperate on those issues.  As part of that cooperation, those agencies 
formed a technology working group to coordinate activities related to the software infrastructures 
that support multimedia modeling (Laniak, 2002).  This working group has identified the lack of 
common approaches for storing and accessing environmental data as a key issue. Advanced 
modeling frameworks that can execute large collections of models will have little benefit if the 
models cannot share data sets. The discussion of this topic is still at an early stage, so no 
consensus has been reached and no approaches have been developed or recommended yet. 
Instead, this paper presents the author’s view of benefits of adopting a shared approach, desirable 
characteristics for such an approach, and a potential route for proceeding. 

MOTIVATION 

Abandoning the current plethora of data representation and interchange (DR&I) approaches in 
favor of standardizing on one or a small number of complementary approaches would provide 
significant benefits. These benefits include the following: 

• The effort required to reformat and transform data obtained from different groups would 
be significantly reduced. 

• Inappropriate application of data (e.g., using incorrect units or inadvertently using air 
temperature where ground temperature is required) will become less likely. 

• Modelers will have to learn fewer data formats and associated software interfaces. 
• The effort required to develop and support data analysis tools and modeling frameworks 

will be reduced because support for fewer file formats will be required. 
• Standardization of metadata will improve people’s ability to find and understand data 

sets. 
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Conversely, there are at least two arguments against standardization. Some might argue that each 
agency’s needs are so unique that each requires its own approach. While it is possible that there 
are some unique requirements, the majority of the data each agency’s models use probably have 
similar data structures if only because they are probably using observations from the same or 
similar sources. Another argument is that premature standardization might hamper the 
development of better approaches in the future. Certainly improvements will be made in the 
future, but it is likely after several decades of managing environmental data electronically using 
independent approaches that many of the best and most important ideas have already been 
identified. Also, since the agencies’ underlying goal is typically to perform modeling studies to 
support policy development or planning, it is likely that this primary goal will be better 
supported by enhancing opportunities for sharing models and data rather than independently 
exploring refined DR&I approaches. Finally, a number of other groups that are not party to the 
MOU will continue their research on these issues, and if the MOU participants are using a 
common approach it may be easier to incorporate promising ideas developed outside the group 
into one shared software package than into several independent packages. 

COMPONENTS OF DATA REPRESENTATION AND INTERCHANGE APPROACHES 

To understand the scope and desirable features of and relationships among data representation 
and interchange approaches it is helpful to understand the conceptual components they typically 
include. Adapting the DR&I conceptual model used by the Synthetic Environment Data 
Representation and Interchange Specification (SEDRIS) (Foley et al., 1998), a DR&I approach 
can be decomposed into the following components: 

• Data Model. The data model specifies what types of information or concepts can be 
represented. This includes fundamental types of information (e.g., real numbers, integers, 
strings), structures for composing data (e.g., grids or meshes of values, time series, 
structures containing multiple types of data elements), relationships among represented 
concepts (e.g., adjacency), and metadata. 

• Interchange Format. For data to be useful beyond the scope of one program execution, 
there must be a method for storing or transmitting the data. The interchange format 
specifies the format(s) or protocol(s) used to represent the data when they are stored or 
transmitted. 

• Applications Programming Interface (API). The API specifies the data structures and the 
subroutine names and arguments that are available to find, store, retrieve, and manipulate 
the data. Examples of manipulations could include spatial subsetting and converting 
units. 

• Software Libraries. A software library provides the services specified by the API. 
• Data Semantics Specification. Numbers, strings, and other data are only meaningful if 

they can be related to concepts in an environmental system. Data semantics provide this 
connection. In some systems, the specification of semantics might be as simple as a 
variable name with the implicit assumption that users know how to relate variable names 
to real or simulated variables. At the other extreme, the developers of SEDRIS have 
submitted their Environmental Data Coding Specification containing thousands of 
concepts as an international standard.  
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• Utilities. Utilities are not a necessary component for a data representation and 
interchange approach, but many DR&I packages are supported by tools for finding, 
browsing, editing, visualizing, manipulating, subsetting, or transforming data. 

Most data representation and interchange schemes include most or all of these components, 
although they may not be described in this manner. For instance, consider Fortran input/output 
(I/O). The data model is any collection of data that can be represented in Fortran; the interchange 
format is the file formats written by Fortran, such as binary and text; the API is Fortran I/O 
statements; the software libraries are the Fortran runtime libraries provided by the compiler 
vendor; and there are no standard provisions for data semantics or utilities. 

Some of the more flexible DR&I approaches offer multiple options for interchange formats and 
even APIs. For instance, the EDSS/Models-3 I/O API (MCNC Environmental Modeling Center, 
2002) allows the user to specify at runtime whether a program should read data from a file or 
from a dynamic output stream produced by a simultaneously executing program. The 
Hierarchical Data Format (HDF) Version 4 (NCSA, 2001) offers multiple APIs to support 
multiple data models. The Earth Science Markup Language (Ramachandran et al., 2001) does 
not have its own interchange format. Instead, it is designed with a single API that can read 
interchange formats defined by other DR&I schemes. 

In many cases data models and interchange formats are supported by multiple DR&I packages, 
which can simplify sharing data between packages. For instance, multiple DR&I packages might 
read spreadsheets (a data model) represented as comma-separated ASCII files (an interchange 
format). This would allow one DR&I package to read data written by another package. Another 
example is HDF Version 4, which reads files written by the Network Common Data Format 
(netCDF) (Unidata, 2002). Note that without sharing data semantics specifications, there is no 
guarantee that two DR&I packages would interpret the information as the same real or simulated 
variables. 

In at least one case, multiple DR&I packages share the same API. The Distributed 
Oceanographic Data System (DODS) (Unidata, 2002) provides software libraries that implement 
the APIs of several older DR&I packages, including netCDF and HDF Version 4. This allows 
existing software written using one of the older packages to be relinked with the DODS libraries 
which enables the existing software to utilize DODS’s capabilities, including accessing remote 
data sets and reading data from multiple file formats. 

 

DESIRABLE ATTRIBUTES 

Whether choosing an existing DR&I approach or developing a new one, it is important to 
identify what attributes or characteristics the package should have for it to be widely adopted. 
There are many ways to organize this information. I have chosen to adapt a general delineation 
of factors that contribute to a user community’s perception of software quality (Meyer, 1997). 

Correctness: A package should correctly implement the behaviors that it is intended to perform. 
Since a number of factors in package’s software environment could affect its operation (e.g., 
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operating system and compiler version, the presence of specific versions of shared libraries), a 
package should be able to demonstrate to a user that at least its basic functions are operating 
properly. For instance, netCDF is distributed with a test suite that is run as part of the installation 
procedure to confirm that the netCDF library is operating properly. 

Robustness: Unfortunately, “abnormal” conditions are all too common. Data access is especially 
prone to encountering abnormal conditions because it requires interaction with file systems and 
networks. Examples of the many types of problems that could occur include missing, incomplete, 
or corrupted files; full disks; lost data packets; and remote machines that are down. A DR&I 
package must be able to handle abnormal conditions in a safe, predictable, and informative 
manner. This typically includes reporting a description of any problems that occur and allowing 
an application to choose whether it wants to continue. 

Extendability: Extendability refers to the how easily a DR&I approach can be adapted to new 
requirements, which frequently arise. Generally, software extendability is a function of the 
software’s design. For the environmental community, other issues that might be important are 
the availability of the source code and the ability to add new capabilities to the interchange 
format in a manner that limits the effect on existing software. Another challenge can be 
maintaining standard data semantics specifications to support reliable sharing while still allowing 
local groups to support their specialized needs. Ideally, extendability is provided in a manner that 
maintains stability for existing users of data sets and APIs. 

Reusability: For a DR&I approach to be usable in a wide range of models its developers must 
identify a commonly encountered problem domain, such as reading and writing grids of data, and 
provide concepts and software that meet those needs without imposing too many extraneous 
requirements on a model. For instance, requiring that a model execute within a particular 
modeling framework or that a modeler learn a new programming language can significantly 
reduce reusability. Another aspect of reusability is how widely can data sets be reliably applied. 
For instance, a self-describing file, which contains enough information for the file to be correctly 
interpreted, is more likely to be used properly than a data file that must be accompanied by 
additional information about the location, time period, or variables the data represent (e.g., a 
separate file containing the metadata). 

Compatibility: Supporting interactions with other software systems, data standards, or protocols 
is important because it can greatly simplify the process of sharing data with other groups or 
retrieving data from standard sources. Features that enhance compatibility include reading 
interchange formats produced by other systems, supporting metadata standards (e.g., Federal 
Geospatial Data Committee standards), and utilizing standard data interchange protocols, such as 
HyperText Transaction Protocol and Web Service Description Language. 

Efficiency: The importance of efficiently using computational resources varies widely, often 
being inversely related to the size of data sets. For instance, groups that deal with megabyte data 
sets are comfortable using techniques, such as storing numbers in ASCII, that could use 
excessive processing time, disk space, and network bandwidth if applied to gigabyte data sets. 
For models that take advantage of parallel processors, the ability to support parallel I/O may also 
be important. 
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Portability: In the context of working with environmental data, portability has multiple aspects. 
To be widely applied, software should be available for multiple hardware and software 
environments, including programming languages and operating system types and versions. For 
instance, models are written in variety of programming languages. Similarly, the Windows 
operating system dominates the desktop market, but Linux is becoming a standard modeling 
environment in some communities and the most computationally demanding models are often 
run on a variety of other operating systems. The other important aspect of portability is that 
interchange formats should also be portable to the different environments. For instance, if data 
files can only be used on certain types of computer architectures or only with specific compiler 
options, it becomes much more difficult and error-prone to share files widely. 

Ease of Use: Modelers and other programmers should be able to easily apply a DR&I package in 
software they develop. If they cannot, in most situations they will not use the package. The effort 
required to learn a new package should be commensurate with the benefits it provides. Modelers 
typically want to have basic access to data while tool developers might be willing to invest 
additional effort learning an API to access advanced features such as data catalogs and flexible 
error handling. HDF recognize that modelers and tool developers have different needs and 
provides separate APIs for each group.  

Functionality: For each component of a DR&I package, a wide range of options exist for 
capabilities. The capabilities that are important are determined by the expected applications. For 
instance, important capabilities for applications with very large data sets might include the ability 
to efficiently extract subsets and to treat multiple files as part of the same data set, while those 
features may hold no benefit for people who work with very small volumes of data. For a DR&I 
approach to effectively support interdisciplinary work a broad range of capabilities will be 
required with excellent support for metadata and data semantics specification so groups that 
share data can be confident they know what they are receiving. 

Timeliness: Software that is not ready when it is needed has little value. This favors the use of 
existing packages if they can satisfy the requirements. 

Tradeoffs: Unfortunately, there are inherent tradeoffs among some of the factors. For instance, 
portability is often achieved with the use of a software layer that provides necessary adaptations 
for each supported computer environment, but the adaptation layer can reduce efficiency relative 
to an approach that works in only one environment. Also, the generality and breadth of features 
that make some systems highly extendable and reusable may make those systems harder to use 
than a system that has been designed to serve a single purpose. When selecting or developing 
software, such tradeoffs should be carefully considered to select the balance of characteristics 
that best satisfy current and anticipated needs. 

FUTURE PLANS 

The direction the interagency multimedia modeling MOU group will take in pursuing a common 
DR&I approach is not clear. There is general agreement that the issue is very important because 
it is a prerequisite for easily bringing together models and data sets developed by separate 
organizations. On the other hand, the breadth of the issue, the loose association among the 
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agencies, and each agency’s individual priorities and commitments make it difficult to find the 
people, money, and calendar time required to successfully adopt a common approach. 

Given those difficulties, an incremental strategy might offer the best chance for success. 
Addressing the issues incrementally reduces the level of effort required to reach initial 
milestones and allows for faster correction of plans if necessary. One way this might be 
accomplished is for the MOU participants to agree on long-term requirements for a DR&I 
approach and to identify a common data issue that many of them will be facing a year or so in 
the future. We could evaluate existing DR&I approaches relative to how well they address both 
the short-term issue and the long-term requirements. If several options look promising 
experiments could be conducted with prototypes. Based on the evaluation and the prototypes, the 
agencies could try to identify a common DR&I package that they will utilize for the short-term 
need and that has the potential to address the long-term requirements. The implementation of the 
solution to the short-term issues will lead to revisions in the long-term requirements and will 
help the group see if a common approach was still desirable. If it was, another common short-
term problem could be identified and the same or a different DR&I approach (depending on the 
success of the first trial) could be applied. 

Some will say that finding a common DR&I approach is too difficult, yet the burden placed on 
the environmental modeling community by many independent and overlapping approaches may 
be even greater. If we could start agreeing on a common “language” for some types of data, our 
agencies and the rest of the environmental community would benefit greatly. 
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Abstract:  There are many modeling framework systems available; however, the purpose of this 
framework is to utilize the best attributes of the Framework for Risk Analysis in Multimedia 
Environmental Systems (FRAMES) 1.3 and the 3MRA (Multi-media Multi-pathway Multi-
receptor Risk Assessment) as applied to the HWIR (Hazardous Waste Identification Rule), while 
focusing on the development of software tools to simplify the module developer’s effort of 
integrating a module into the system.  A module in this plug and play framework can be 
described as one or more codes, models, or databases that cooperate to provide information to 
other modules placed in the site conceptualization.  To accomplish this task a protocol for linking 
modules together has been developed.  An API (Application Programming Interface), an SDK 
(Software Development Kit), and web-based tools are provided to aid the developer in this 
integration process.  The protocol design is in the form of data dictionaries, which are designed 
for flexibility.  The approach is to focus on developing these protocols (i.e., boundary conditions) 
between modules using a distributive environment.  This allows for the co-development of the 
linkage protocols.  DLLs (Dynamic Link Library), or shared libraries, are used to facilitate the 
population of dictionary datasets.  This enables the developer to consistently populate data 
needed by other modules without the burden of elucidating multiple file formats to the module, 
thereby making population of shared data sources efficient and consistent.  System editors are 
provided to set up the shared data sources and the information needed to communicate the 
module's role in the plug-and-play system, thus easing the developers work load.  Database 
specific tools are provided for the sharing/management of data sources.  These tools are designed 
to capitalize on the flexible protocols provided by the system to allow incorporation of disparate 
data, making it available to all integrated modules.  A data client editor is provided to facilitate 
data retrieval, which allows for extraction of data from both local and remote sources over the 
web, WAN (Wide Area Network), or a LAN (Local Area Network) via existing web protocols 
(https). 
 

1.0 INTRODUCTION 
 
Modeling and database integration have always been an important part of performing 
environmental assessments.  In most cases this integration has been performed in a very un-
automated fashion (i.e., large amounts of human interaction were required). 
 
When integrating models, developers will typically identify the specific models required and 
create an inflexible framework that “hardwires” them together.  “Hardwiring” amounts to taking 
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legacy models and modifying them in such a way as to allow them to work together on a per 
model basis.  Unfortunately this means that when a situation comes along in which other models 
maybe required, the process of “hardwiring” repeats itself.   
 
When integrating models and databases, typically a modeler / assessor will identify the source(s) 
of data that can be used for a particular assessment.  He or she will then acquire a copy of the 
complete data source(s) and have to develop some method for extracting the relevant information 
for that particular assessment.  This causes several complications.  In most cases the modeler / 
assessor will not be completely familiar with the structure of the data source(s), making it much 
more difficult to come up with an efficient plan for extraction of the required data.  Also, 
because the modeler / assessor is now dealing with a copy of the data source(s), it can quickly 
become stale—the original data source(s) can receive updates while the copy remains unchanged 
(unless the modeler / assessor is diligent enough to constantly be checking for updates).  Even in 
the later case, the modeler / assessor may still run into problems if the new update to the data 
source has structural changes, which may render all of the previous extraction plan work useless. 
 
In order to overcome these problems in the general case, a system known as FRAMES has been 
developed at the Pacific Northwest National Laboratory in cooperation with the Environmental 
Protection Agency (EPA) and the Department of Defense-Waterways Experimental Station 
(DOD-WES).  This paper discusses the details of the data integration components of the 
FRAMES system and is structured as follows:  Section 2 will provide a high level architectural 
diagram and discuss some of the requirements and goals for the system.  Section 3 will take a 
look at the FRAMES dictionaries (modeling metadata) and the FRAMES Development 
Environment (FDE).  Section 4 will cover the database server components—the Data Owners 
Tool (DOT) and the Data Extraction Tool (DET).  Section 5 will discuss the client component--
the Data Client Editor (DCE).  Section 6 will focus on the Linkage Server, which is the central 
information clearing house.  Finally Section 7 will offer a summary. 
 
Over the past ten years, computational power has grown, and with that, more complex 
assessments have been required by regulatory agencies.   To that end, multimedia multi-model 
frameworks have been developed.  These frameworks in the past, like MEPAS and RESRAD, 
have always been hard wired together.  Efforts such as FRAMES and 3MRA have helped to 
change the way in which model integration is approached.  The fact that legacy codes exist and 
are almost always preferable make an applications programmer’s interface (API) an unwelcome 
but necessary solution if the desired outcome is to integrate models.  An API means writing 
wrappers (pre and post processors) for legacy models, which inevitably can change the way in 
which a model performs, but also means greater flexibility and manageability in the long run. 
 
This framework uses an API for selecting and executing environmental software models for risk 
assessment and management problems.  The Framework Simulation Editor along with a 
collection of Framework Development Editors use the API to allow users to define, link, select, 
and interact with a framework of environmental codes for environmental and human health 
analyses.  The general concepts and specifications of FRAMES are provided in Whelan et al. 
(1997) [1]. 
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Pros and cons aside, what really mattered in the development of the API was the audience of 
modelers and scientists that should use it.  Experience thus far has shown this audience to use 
FORTRAN and C primarily with a little Visual Basic.  The use of data structures is not present 
in most legacy code, so more robust ways of process communication, like COM, DCOM, and 
SOAP, seemed too complex for a scientist who wants to write or wrap a simple model.  These 
issues and others have resulted in an API that links and compiles with Fortran, C, and Visual 
Basic.  The library, written in C++, has very little overhead compared to the more complex 
systems and will compile on most platforms 
 
The following list of goals was created for the development of the FRAMES Data Integration 
tools: 
 

1. Create a mechanism that will allow FRAMES users to access disparate databases across 
the Internet in real-time. 

2. Place collaborative responsibilities such that the different types of participants have 
control over the areas in which they have domain knowledge. 

3. Provide tools such that the incorporation of data is easy and automated as possible. 
4. Minimize the amount of data that needs to be transferred when fulfilling data requests 

 
Along with these goals the following list of requirements were placed on the implementation: 
 

1. The server-side software must be cross-platform compatible (run on Windows, Solaris, 
and Linux systems at a minimum) and can only rely on open source off-the-shelf 
components (to allow for a minimal cost distribution). 

2. The system should have the ability to interface and extract data from a wide variety of 
disparate data sources (JDBC, ODBC, etc.). 

3. The system must be able to operate in a variety of networking environments (corporate 
LAN’s, Internet, through firewalls, etc.). 

 
Based on these goals and requirements, the architecture depicted in Figure 1 was developed. 
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Figure 1:  High level architecture of FRAMES Data Integration System 
 

The sections that follow will explain each of these components in detail. 
 
 

2.0 FRAMEWORK API 
 
The API accomplishes several tasks that would normally be done each time one model is wired 
to another.  In March of 2000, a group of environmental modelers and computer engineers met at 
the Nuclear Regulatory Commission (NRC) in Washington, D.C. to compile a list of 
requirements for a multimedia multi-model plug and play framework that facilitated model 
integration [2].  Most of the requirements from the meeting were used to develop the API.  This 
section gives a very brief overview of the API.  Some of the main requirements include but are 
not limited to: 
 

• handle unit conversions in a consistent and convenient manner 
• provide a mechanism that allows for data retrieval of offline as well as online data sources 
• provide a mechanism that allows for accessing and running remote models (i.e., remote 

computing) 
• provide a common input/output (I/O) mechanism that can be used to facilitate 

parameterization of variables for calibration, sensitivity, and uncertainty 
• provide error checking for I/O (e.g., variable range, type, units, and cardinality) 
• support latest versions of Borland C++ Builder, Microsoft Visual C++, Lahey FORTRAN-

90, and Digital Visual FORTRAN-90 compilers. 
 
For a complete list of requirements and design, see the documentation for the “Merger of 3MRA 
and FRAMES Version 1:Design”[3].  To meet these requirements, a common way to describe 
data to the system needed to be developed.  These meta-data descriptions are at the core of the 
API.  The 3MRA system used a set of dictionaries to define module inputs and producer-
consumer I/O.  This example was used and generalized for the API.  These dictionaries are used 
to describe the meta data necessary to aid the framework in execution management, variable 
parameterization, and I/O.  The framework uses five types of dictionaries to help define the 
system architecture. 
 

• The “System” dictionary defines variables for system management (e.g., module list, 
domain definitions, window settings). 

• The “Conversion” dictionary defines the variables for the measurement-conversion library 
(e.g., measure, unit). 

• The “Module” dictionary defines the variables for a module component (e.g., name, 
version, executable file locations). 

• The “Simulation” dictionary defines the variables for a simulation (e.g., producer-consumer 
relationships) 

• The “Data” dictionary defines the variables for module communication (e.g., boundary 
conditions, module specific inputs). 
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The API is broken down into three categories: Conversion API, Dataset API, and the System 
API.  Each API has an appropriate module or header file for each supported version of compiler.  
The developer is expected to include the module or header files with the module’s processor 
codes to gain access to the Framework API. 
 
2.1 Conversion API:  The Conversion API provides the function calls that allow the developer 
to work with any linear conversion.  The developer is given the capability to add, delete, and 
retrieve measure and unit labels as well as editing and retrieving the unit conversion. The 
Convert function is called with a measure (string), an initial value (double), an initial unit 
(string), and the unit the value is to be converted to (string) as input.  The function returns the 
converted value. 
 
2.2 Dataset API:  The Dataset API provides function calls needed to manipulate dictionaries and 
datasets (see Section 3.2).  All classes of modules that are defined are required to register with 
the framework a set of connection schemes.  A connection scheme is a set of dictionaries that 
define a module’s produced and consumed datasets during a simulation (see Section 3.2).  When 
a module is executed during a simulation, one of the defined connecting schemes is passed on to 
the module through the API.  This enables the module the capability to identify its function and 
access the appropriate datasets.  The Dataset API will be the most heavily used and allows the 
module developer to: 
 

• open and close a session with the API 
• retrieve expected dataset names and dictionary types to be produced 
• retrieve expected dataset names and dictionary types to be consumed  
• read and write data datasets that have been defined by a dictionary. 

 
2.3 System API:  The System API provides function calls used mostly by the FDE, and other 
‘System’ modules like sensitivity and calibration modules.  These ‘System’ modules must be 
defined as such in the Module Editor by setting the module’s class type to ‘System’ (see Section 
3.2).  Setting the module class flag to ‘System’ allows the module to gain access to the functions 
that can manipulate the entire framework at runtime. 
 

3.0 FRAMEWORK DEVELOPMENT ENVIRONMENT 
 
The FDE is a suite of editors designed to manage, view, and set up the underlying infrastructure 
of the framework.  The FDE consists of four editors: Conversion Editor, Dictionary Editor, 
Module Editor, and a Domain Editor.  The Conversion Editor creates, edits and manages the 
measures and units used by dictionaries and datasets to aid in the automatic conversion of units 
during data retrieval.  The Dictionary Editor creates, edits and manages dictionaries that the API 
uses for defining and categorizing datasets.  The Module Editor creates, edits and manages.  The 
Domain Editor is used to define and organize a palette of modules used by the Framework 
Simulation Editor.  The FDE simply displays current system configuration while giving access to 
the same.  The editors have very little logic, treating the API like a black box expecting all 
verification and consistency checks to be done by the API.  When the editors are loaded, all 
changes made are live, and once changes are saved, they cannot be undone. 
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Another tool provided but not addressed in this document is the Update Manager that ties to a 
Linkage Server via http.  The Linkage Server is a central information store that facilitates 
collaboration.  The Update Manager provides the capability to acquire and manage the latest 
updates to conversions, dictionaries, and modules available from the Linkage Server.  
 
3.1 Conversion Editor:  The Conversion Editor provides an interface for creating, modifying, 
and deleting measures and their associated unit conversions.  Conversions provide the 
framework with the capability to convert units to and from any desired unit as long as the unit’s 
conversion to the measure’s base unit is defined.  This provides a modeler the ability to produce 
and consume data in their desired units without worrying about other modeler’s unit 
expectations.  The conversions maintained by the framework are also bound directly to the 
dictionaries in the framework.  Therefore, all conversions must be defined before there can be a 
reference to a unit by a dictionary.  Requested dataset values made with a unit reference that is 
not contained in the list of conversions can only be consumed or produced in that unit.  
Currently, only linear conversions are supported. 
 
Each measure must have a base unit defined.  Therefore, the Conversion Editor automatically 
prompts the user to define a base unit after adding a measure.  When converting units, the base 
unit is used as a link between all other units within the measure.  A measure categorizes a 
collection of units that inherit the same measuring properties.  For example, Time is a measure 
with seconds, minutes, hours, and days being related units of Time.  Each measure has a base 
unit that all other units must provide a conversion to that base unit.  Using Time as a measure, 
seconds is a logical choice for the base unit.  Once a unit has been added the unit is capable of 
converting to every related unit by reversing the respective unit conversions.  For example, if 
millisecond were added to the collection of Time and seconds, minutes, hours, and days already 
in the collection, then milliseconds could be converted to or from any other unit in Time by first 
converting to the base unit then convert to the desired unit.  This reduces the amount of 
complexity in defining relationships between units because not every combination of units needs 
to be defined. [4] 
 
3.2 Dictionary Editor:  Dictionaries in the framework describe the layout of how information is 
stored in a dataset.  All dictionaries in the framework must have a unique name and are stored as 
an ASCII comma-separated file.  The file can reside anywhere on the user’s system.  
Dictionaries can be created outside of the editor using any kind of ASCII text editor.  However, 
dictionaries created outside of the Dictionary Editor must be registered and checked for 
consistency with the Dictionary Editor by simply opening the dictionary file in the editor.  The 
properties for a dictionary are: 
 

• Variable Count—number of variable declarations in the file 
• Dictionary Description—self explanatory 
• Dictionary Name—self explanatory 
• Privilege—dictionary scope – visibility to other modules 
• Version—version number of the file 
• Updated—flag to indicate whether the file has changed 
• Variable Declarations—set of fields that declare a variable. 
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Privilege, Version, and Update provide the API with the capability to develop the dictionaries in 
a distributive environment.  This allows developers from different parts of the world to share 
dictionaries (a.k.a., boundary conditions).  Once boundary conditions are shared, then modules 
can communicate. 
 
Currently, there are four intrinsic data types available for variable declaration from the Dataset 
API: string, integer, float, and logical.  Each variable declaration has these properties: 
 

• Name—self explanatory 
• Description—self explanatory 
• Dimension—number of indices required for retrieval of a value 
• Data Type—type of data stream (one of string, float, integer, logical) 
• Primary Key—flag to indicate if variable is a data selection key 
• Scalar—flag to indicate if variable is scalar for the defined indices 
• Minimum— [minimum length of string][minimum value of float/integer][blank for logical] 
• Maximum—[maximum length of string] [maximum value of float/integer][blank for 

logical] 
• Measure—string indicating the measure 
• Unit—string indicating the unit of measure 
• Stochastic—flag to indicate if variable is stochastic 
• Preposition—string used to help describe the who, what, when, where, why 
• Index 1, Index 2, …—the list of index references defined for the variable 

 
It is expected that module developers will define the appropriate variables for their respective 
modules.  Special attention must be given to indices of variables.  Variables are forward packed, 
that is, when you have an index of 3, then an index of 1 and 2 also exist.  The values will be zero 
filled or blank filled.  All indices must be defined with another variable.  For example, the 
vadose-zone variable kd could be stored by location and chemical.  Therefore, the variable 
declaration for location and chemical must exist.  Multidimensional variables are allowed as an 
index provided their indices are provided by the remaining indices in the variable declaration.  
No circular dependencies are allowed. 
 
3.3 Module Editor:  The Module Editor provides the developer the ability to define a module 
for execution in the framework.  A module class determines the level at which modules 
communicate with the API and how the module execution handled.  
 
There are four classes of modules: 
 

• System—Read/Write/Execute privileges, dataset completeness expected 
• Database—Read/Write privileges, dataset completeness not expected 
• Model—Read/Write privileges, dataset completeness expected 
• Viewer—Read Only privileges 

 
System modules are expected to know a lot about the inner workings of the API and framework.  
System modules have the capability to do completely manipulate the framework of conversions, 
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dictionaries, modules, and domains.  Database and Model classes have the same privileges, 
except they are prevented from accessing system functions. The only real difference between 
Database and Model is the expectation on the boundary conditions.  Boundary conditions must 
be complete when output by a Model and/or a System module.  Viewers are just that; they 
provide read-only access to the data. 
Module properties consist of five types of information: executable, reference, company, 
developer, requirements, and connection schemes, most of which is for documentation purposes.  
Critical for module integration is the executable and connection scheme information.  Modules 
manipulate data and do so by specifying the dictionaries that define the datasets they will 
manipulate, this declaration is known as a connection scheme. Executable information gathered 
includes location of interface and model executable, version, and command-line options. 
 
Connection-scheme information is the most critical part necessary for module connectivity and 
execution management.  Connection schemes and the class of the module determine how the 
framework allows the module to connect and the level at which the module can access the API.  
Modules need to have connection schemes defined to describe the type of information a module 
expects to consume and produce.  A scheme should be defined for every combination of 
dictionaries the module being developed can consume and produce.  A developer could think of 
these schemes as function calls to the module. 
 
3.4 Domain Editor:  The Domain Editor allows the user to create tiers of icons that have the 
same or similar physical meaning.  The developer as well as the end user can choose where 
modules should appear in their constructed domains.  Domains consist of four predefined module 
classes: Database, Model, System, and Viewer.  Under each of these classes, the user can create 
a group of modules or a grouping of sub-groups of modules.  Modules can be placed in more 
than one tier, but can only be assigned to one class of module.  Each domain, class, group, and 
sub-group can be assigned a unique icon.  The icon should convey the physical aspects of the 
respective tier they represent.  By assigning meaningful icons to the tiers, users provide their 
own understanding and meaning to the visual conceptualization of the simulation displayed by 
the Simulation Editor. 
 

4.0 MODULE SERVER 
 
In order to facilitate the sharing of database information across a network environment (LAN or 
Internet) the server architecture depicted in Figure 2 was created. 
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Figure 2:  FRAMES module server architecture 

 
This server acts as an information gateway and requires an Internet or LAN connection to 
FRAMES clients and a LAN connection to any databases in which it will provide information 
from.  It contains two open source off-the-shelf components—the Jakarta-Tomcat servlet engine 
and a MySQL database.  It also contains two custom-build applications for FRAMES—the Data 
Owners Tool (DOT) and the Data Extraction Tool (DET). 
 
The DOT is a java servlet based tool that is designed to help data source owners create data 
extraction plans based on FRAMES dictionary files.  It can connect to multiple databases (any 
JDBC compliant) and provides a wizard-type browser-based interface to create SQL queries that 
map data from the data source to a specific dataset defined by a dictionary (also known as an 
extraction plan).  Once an extraction plan has been created and tested, the data owner can store it 
in the local repository (the MySQL database) for later use by the DET.  The DOT also provides 
the data owner with an interface for retrieving shared dictionary files from the central 
information clearing house (the Linkage Server component, which will be discussed in Section 
6). 
 
The DET is also a java servlet based application that provides an automated interface for 
executing stored extraction plans (defined in the DOT) and returning the corresponding data 
back to the requesting FRAMES client.  All communication between the DET and a FRAMES 
client takes place via HTTP / HTTPS which allows the DET to function through most corporate 
firewalls without reconfiguration.  Username / password authentication is available to control 
access to the data. 
 

5.0 DATA CLIENT EDITOR 
 
On the FRAMES client side, a Data Client Editor (DCE) is provided to interface and extract data 
from FRAMES Module Servers and pass it on to other interconnected models.  It communicates 
directly via HTTP / HTTPS to FRAMES Module Servers to request and process data from 
remote data sources.  It allows for hierarchical data source combinations.  This means that 
multiple data providers can be selected to fulfill a specific dataset, and the extracted data is 
loaded into the dataset by the order established in the hierarchy—the dataset is first populated by 
the primary source, then any holes in the dataset can be filled in by the alternative sources 
provided.  The DCE also provides a mechanism for the user to review and make any edits to the 
data that has been retrieved (before passing it on to the interconnected model).  The DCE also 
allows for local storage of extracted data in case the user would like to re-run a simulation with 
exactly the same data (normally the DCE would re-query a FRAMES Module Server to make 
sure that the most up-to-date information from the remote data source gets used). 
 

6.0 LINKAGE SERVER 
 
As mentioned in earlier sections, the FRAMES Linkage Server component is the central clearing 
house for FRAMES information.  The server resides at a well-known Internet address so that all 
FRAMES clients and Module Servers can communicate with it.  It can store and distribute 
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dictionary files, locations and content available on Module Servers, new models, and FRAMES 
software updates.  The application is a java servlet based web application that supports uploading 
and downloading files (similar to FTP, but with HTTP / HTTPS).  The architecture of the 
Linkage Server is similar to the Module Server—it contains two off-the-shelf components 
(Jakarta-Tomcat servlet engine and MySQL database) and a custom java servlet application to 
support the file transfers.  Like the Module Server, it supports username / password 
authentication for security. 
 

7.0 SUMMARY 
 
The intent of the FRAMES Data Integration tools project is to provide a means to easily integrate 
data from remote disparate sources into an interconnected modeling environment in a seamless 
manner.  The methodology of the implementation allows for the participants (modeler, data 
owner, assessor) to focus on the areas where they have domain knowledge.  The modeler can 
focus on defining the modeling metadata definitions for his or her model in FRAMES dictionary 
files.  The data owner can focus on generating SQL extraction plans that map the information 
from the data source to datasets defined by FRAMES dictionaries.  The assessor can focus on 
generating the required model / database interactions necessary to perform the assessment.  
Because of the mechanisms provided, data can be extracted in real time (via the Internet) in a 
secure manner and the amount of data transferred is kept to a minimum. 
 
The API and model integration tools presented here were designed to automate tasks normally 
done when hard wiring models together and provide engineers the tools needed to integrate 
legacy models required by regulations and/or regulators to conduct contaminant exposure and 
risk assessments at brownfield sites.  The power of the API and tools provides developers the 
opportunity to seamlessly link their model with other models and databases.  The framework also 
provides access to sensitivity/uncertainty analyses for stress testing of models and provides a 
platform for model comparison. 
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Abstract:  The Dynamic Information Architecture System (DIAS) is a flexible, 
extensible, object-based framework for developing and maintaining complex 
multidisciplinary simulations of a wide variety of application contexts.  The modeling 
domain of a specific DIAS-based simulation is determined by (1) software Entity 
(domain-specific) objects that represent the real-world entities that comprise the problem 
space (atmosphere, watershed, human), and (2) simulation models and other data 
processing applications that express the dynamic behaviors of the domain entities. 
 
In DIAS, models communicate only with Entity objects, never with each other.  Each 
Entity object has a number of Parameter and Aspect (of behavior) objects associated with 
it. The Parameter objects contain the state properties of the Entity object. The Aspect 
objects represent the behaviors of the Entity object and how it interacts with other 
objects.  DIAS extends the “Object” paradigm by abstraction of the object’s dynamic 
behaviors, separating the “WHAT” from the “HOW.”  DIAS object class definitions 
contain an abstract description of the various aspects of the object's behavior (the 
WHAT), but no implementation details (the HOW).   Separate DIAS models/applications 
carry the implementation of object behaviors (the HOW).  Any model deemed 
appropriate, including existing legacy-type models written in other languages, can drive 
entity object behavior.  The DIAS design promotes plug-and-play of alternative models, 
with minimal recoding of existing applications. 
 
The DIAS Context Builder object builds a constructs or scenario for the simulation, based 
on developer specification and user inputs.  Because DIAS is a discrete event simulation 
system, there is a Simulation Managerobject with which all events are processed.  Any 
class that registers to receive events must implement an event handler (method) to 
process the event during execution.   Event handlers can schedule other events; create or 
remove Entities from the simulation; execute an Entity’s behavior; and, of course, change 
the state of an Entity.   
 
In summary, the flexibility of the DIAS software infrastructure offers the ability to 
address a complex problem by allowing many disparate multidisciplinary simulation 
models and other applications to work together within a common framework.  This 
inherent flexibility allows application developers to more easily incorporate new data, 
concepts, and technologies into the simulation framework, bringing the best available 
knowledge, science, and technology to bear on decision-making processes.   
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INTRODUCTION 
 
A Brief Overview of the DIAS Framework:  The Dynamic Information Architecture 
System (DIAS) is a flexible, extensible, object-based framework for developing 
integrated, multidisciplinary, dynamic simulations. DIAS is domain-neutral, meaning that 
it is not designed for simulations specific to any one discipline or subject area; rather it 
supports the development of simulations for virtually any type of application.   
 
DIAS has been used successfully to build a wide range of simulations, including dynamic 
terrain- and weather-influenced military unit mobility assessment; integrated land 
management at military bases (Sydelko et al., 2000; Sydelko et al., 2001); a dynamic 
virtual oceanic environment; clinical, physiological, and logistical aspects of health-care 
delivery; avian social behavior and population dynamics (Rewerts et al., 2000); and 
studies of agricultural sustainability under environmental stress in ancient Mesopotamia 
(Christiansen, 2000). 
  
An important design distinction of DIAS is that it is a framework – an environment and 
set of tools that developers utilize to build simulations.  DIAS is not a model or a suite of 
models, but rather a flexible modeling environment within which developers build 
applications by either “wrapping” existing models and applications (including legacy 
models, database management [DBMSs], geographic information systems, etc.), coding 
new in-line models, or building any combination of external and in-line models to create 
a simulation.  In this way, the DIAS framework allows new and/or existing legacy 
models and other applications to interoperate in the same object environment.  
  
Models and applications interfacing with DIAS can be written in virtually any computer 
language. Legacy applications are run in their native language (e.g., FORTRAN, C, 
MODSIM, etc.), with only minimal (if any) restructuring of code required to interface 
with the DIAS framework.  Internal DIAS models are coded in Java (as methods of 
subclasses of the DIAS core object classes) and can be run either within a DIAS 
simulation or as stand-alone models that can be incorporated into other integrated 
modeling suites.  
  
DIAS supports fully distributed operation via the use of Common Object Request Broker 
Architecture (CORBA), Java’s Remote Method Invocation (RMI), and most recently, the 
Simple Object Access Protocol (SOAP) to provide legacy models as web services.  DIAS 
can use an object DBMS to provide persistence to DIAS objects, or a relational DBMS 
can be supported via commercial bridging software and the Java DataBase Connectivity 
(JDBC) interface. 
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DIAS Entity-centric Design:  At the very core of DIAS-based simulations are the Entity 
objects that represent the real-world counterparts for the application problem space.  
Developers define the simulation “playing pieces,” or Entities, including attributes and 
behavior. This Entity-centric design trait is in contrast to other modeling paradigms 
centered on process interaction and linking. 
  
Centering DIAS simulations on Entity objects and their associated interactions promotes 
greater flexibility and extensibility for DIAS-based applications. In DIAS, models 
communicate only through Entity objects, never directly with each other. DIAS 
infrastructure objects formally define and isolate models and other applications that 
implement Entity object behaviors. 
 
This approach promotes modularity and makes it easier to add models or swap in 
alternative models to express behavior without re-coding other connected applications. 
Thus, DIAS scales well to increasingly complex problems.  Figure 1 shows an illustration 
of a traditional model-to-model interaction approach and how models and applications 
running in a DIAS-based simulation interact indirectly with one another via Entity 
objects.   
 
  

 
    Figure 1:  Traditional model-to-model interaction approach versus DIAS object-model 

interaction approach 
  
Entity states are updated throughout the simulation via events triggered by simulation 
dynamics.  However, Entities themselves have no knowledge of the mechanisms 
(models/processes) responsible for modifying their states.  Entities simply respond, in an 
appropriate manner, as defined by the developer, to events triggered by simulation 
dynamics.   This type of response allows several diverse mechanisms to affect Entity 
states, as is the case in real-world dynamics.  Thus, while application development in 
DIAS is very specific, component development (e.g., Entity design) remains somewhat 
abstract by capitalizing on DIAS’s highly flexible and extensible modeling environment. 
  
The Entity-centric design of DIAS also allows DIAS-based applications to more closely 
mimic the associations and relationships that exist in the real world, including dynamic 
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feedback. In general, most models and applications have been designed to operate 
independently, even though effective decisions often call for assessing several 
components of a system simultaneously – in terms of their relationship to each other as 
well as how they affect broader management decisions.  This case is true, for instance, in 
the domain of environmental management.  DIAS provides a framework for developing 
applications that address interprocess dynamics in a highly realistic way, in large part 
because the focus of the simulation is on the Entity objects and their interaction with one 
another.  The DIAS design allows developers to articulate the dynamics of an ecosystem 
much more closely to the way we understand them, while at the same time not impose 
one world view on the development of an application.  DIAS interprocess flows are 
realistic because model processes affect the state of Entity objects, and thus reflect the 
true dynamics of the real-world system. 
  
Furthermore, because Entity objects and their associated behaviors are developed within 
a framework that already houses a diverse array of both environmental and 
nonenvironmental objects, the connection to other models and processes is made easier.  
Developers do not have to build objects from scratch but can often use existing objects 
from the DIAS Entity object library and add attributes and behaviors as new applications 
dictate. 
  

KEY DIAS ARCHITECTURAL COMPONENTS 
 
The key DIAS architecture components (Figure 2) provide the means for transforming 
developer inputs into simulation outputs. The architecture components illustrated are 
Entity object, Process object, Model/ModelState object, the Entity-Aspect-Process-Model 
object linkage, Context Builder object, Context object, and Simulation Manager object. 
 

 
 

Figure 2:  Key DIAS architectural components 
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Entity Object:  The DIAS Entity objects reflect domain areas and applications that have 
been built for various DIAS simulations.   DIAS extends the object paradigm of 
inheritance and encapsulation by abstraction of the Entity objects’ dynamic behaviors.  
DIAS Entity class definitions contain an abstract description of the various aspects of the 
object's behavior via their Aspect (of Behavior) objects  (the “WHAT”), but no 
implementation details (the “HOW”).   For example, a stream object can have several 
Aspects of Behavior, such as “channel flow” and “solute transport.”  The actual 
implementation of these behaviors would come from one or more process models linked 
to the simulation via the Entity-Aspect-Process-Model (EAPM) linkage.  Channel flow, 
for instance, might be implemented by an appropriate external (legacy) hydrologic model 
that calculates stream flow, or alternatively by an in-line DIAS stream flow model.  
Similarly, either an in-line or an external contaminant transport model algorithm could 
implement solute transport.  In both cases, alternate models can be readily plugged in to 
the simulation to implement these behaviors of the stream object, with no modification to 
the Entity object directly because the Entity itself does not contain the implementation 
details, but rather abstracts these behaviors to appropriate models. 
 
Process Object:  DIAS Process objects represent and formally define specific models 
that can implement specific abstract Entity object behaviors (Entity Aspects).  There is 
one DIAS Process object for each Aspect in a simulation.  The Process object is 
responsible for all data translation, unit conversions, and data aggregation/disaggregation 
issues.  The Process object also controls the packaging of Entity data needed as input to 
models, as well as the unpackaging of model output data and its distribution to the 
Entities.  
 
Model/ModelState Objects:  DIAS Model objects are responsible for performing the 
calculations for a Process.  A Model object contains one method per Process object it 
serves.  DIAS Model objects either call out to an external model via CORBA, RMI, or 
SOAP to perform the calculations, or directly execute the behavior through internal 
method source code.  Thus, legacy code written in another language can be reused as the 
model implementation of an Entity’s Aspect.  Models can be written generically without 
referencing DIAS framework classes so as to be directly usable within other systems. 
 
The ModelState object serves as a common data block, containing all data that can be 
used for a Model by an Entity of a particular type. ModelState objects are specific to 
individual instances of Entity, whereas Model objects are general to all instances of 
Entity.  In other words, each Entity has its own set of data to be used for a model (the 
ModelState), but all Entities that call the same model point to that one instance of the 
Model object, and hence execute the model code, passing in the ModelState data as 
input/output parameters. 
 
Entity-Aspect-Process-Model Linkage:  In external (e.g., legacy) model integration, a 
Process object is associated with a specific process (e.g., subroutine) in the external 
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model source code.  For DIAS inline models, the Process object is connected to a specific 
Model object method that contains the calculation and thus provides the Entity behavior.  
 
The Process object is the only object with knowledge of both the Entity “world view” and 
the Model “world view.”  This capability promotes a component-based approach to 
model development, where models are not simulation or framework specific and 
therefore can be readily swapped in/out of any simulation suite without time-consuming 
reworking of existing application code.   
 
Linkage of Entity abstract behaviors to appropriate modeling functionality (via the 
EAPM object connection) is done at run time to meet the specific needs of a given 
simulation context.  This EAPM linkage (Figure 3) is a keystone of the DIAS design 
philosophy.  The EAPM abstraction promotes greater flexibility and extensibility than 
would otherwise be possible in a “hard-wired” system, because Entity behavior can be 
driven by any model(s) deemed appropriate, rather than a fixed set.  The EAPM design 
trait promotes plug-and-play of alternative models, with virtually no recoding of existing 
applications. 
 

 
 

                   Figure 3:  The DIAS Entity-Aspect-Process-Model (EAPM) linkage 
 
Writing an application in DIAS requires the developer to code those methods of the 
Entity and Process objects that must be overridden by the domain subclasses.  These 
methods are called from within the DIAS execution framework in a specified sequence 
during the simulation.  Since developers can override specific methods, they only need to 
write code that specifically tailors the discrete event simulation to the domain. 
 
DIAS Context/Context Builder Objects: Figure 4 illustrates the context building 
process in DIAS.  The DIAS Context object houses all the contextual information about 
the simulation, primarily provided by the user through the graphical user interface (GUI).  
The Context Builder object gathers the information to create a Context and maintains 
information about all the models to be used.  From that information, the Context Builder 
determines which types of Entities need to be created and which parameters of those 
entities must be instantiated for the simulation.  The Context Builder is also used to set 
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any “global” or overall simulation parameters, such as simulation start and end times, and 
the initial set of Entity instances to be modeled. 
 
Building the Context in DIAS:  The first phase of a DIAS simulation consists of 
building the context from information, data, and object definitions provided by the 
developer (Figure 4).  The simulation user can choose the models to use for a particular 
simulation from a list of models available for the domain entities.  The user also selects 
the data sources that will be used to instantiate the specific Entities for the simulation run 
as well as other simulation parameters, such as regional extent, and start/end times for the 
run.  From this information, the context builder makes all the necessary DIAS 
connections and instantiations for the context of the simulation.  Thus, the context is built 
at run-time, which provides the “plug-and-play” ability of the DIAS system.  At this 
point, execution of the context is taken over by the Simulation Manager. 
 

 
 

Figure 4:  Building the Context in DIAS 
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DIAS SIMULATION EXECUTION MANAGEMENT 
 
The execution of a DIAS simulation consists of three phases: (1) simulation initialization, 
(2) simulation execution, and (3) simulation completion and cleanup (Figure 5).  During 
the simulation initialization step, all the instantiated Entities register with the Simulation 
Manager to receive notification of the specific events in which they are interested. 
 

 
 

Figure 5:  DIAS execution management 
 
Because DIAS is a discrete event simulation system, DIAS provides a Simulation 
Manager object through which all events are processed.  All Entity subclasses, Process 
subclasses (optionally), and the ApplicationData subclass register and unregister to 
receive broadcast notification of events from the Simulation Manager.   
 
The developer defines all events that would make up the dynamics of a simulation run.  
The simulation execution phase, during which event dispatch takes place, is the core of 
the domain-specific application.  Through the execution of the event handlers within the 
Entities, the DIAS application models the processes of the specific context (scenario).  
The Simulation Manager broadcasts a simulationStarted event, and a 
simulationCompleted event that the Entities can register for in order to initialize the 
simulation or finalize Entity state.  All other events are scheduled as part of the specific 
application and are broadcast according to the simulation time clock. 
  
Within DIAS, the Simulation Manager executes in its own Java thread.  This is done so 
that the GUI portion of an application need not block during simulation execution, and 
the user is allowed to pause, resume, or stop the simulation at any time. 
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All events defined for a simulation can optionally carry data along with (1) a simulation 
time stamp as to when the event has occurred and (2) the identity of the sender of the 
event.  Any class that registers to receive events must implement an event handler 
(method) in order to process the event during execution.  The mechanism of registering 
and unregistering for events and event handling are synonymous with the event/listener 
model employed by the Java Swing Application Programming Interface (API).  Whereas 
the Swing classes predefine Java interfaces with specific event methods to implement, 
DIAS allows developers to name their own event handlers that receive a simulation event 
from which they can extract the domain-specific data.  In this manner, DIAS applications 
can be written with an infinite set of events without performing undue subclassing. 
  
Event handlers can schedule other events; create or remove Entities from the Frame; 
perform an Aspect (schedule an executeProcess event) of an Entity; and, of course, 
change the state of an Entity.  The DIAS philosophy is that the EAPM linkage 
implements the algorithms that model the behavior of an Entity, and the scheduling and 
handling of events implement the dynamics of the simulation. 
 
DIAS Model Process Flow: An Illustrative Example:  Figure 6 illustrates the 
connections between the core DIAS infrastructure objects discussed previously and 
shows the flow of execution for an example external model during a DIAS simulation. 
The execution for an internal model follows the same sequence; however, DIAS then 
does not use CORBA to call out to an external model method via the Model Controller.  
In the example represented by Figure 6, the legacy model is MM5, a large parallel 
Fortran model for mesoscale weather forecasting.  This legacy model provides the 
evolving state of the Atmosphere Entity within a DIAS Simulation (the actual 
Atmosphere Entity is not shown in Figure 6.)  The developer must write a Model 
Controller that follows the DIAS initialize, execute, finalize design pattern and provides 
the interface between the DIAS simulation and the legacy model.   The Model Controller 
can be written in any language that has a CORBA interface or, alternatively, can be a 
SOAP Web Service.  Specifically, Interface Definition Language (IDL) code is needed if 
CORBA is selected, and a Web Services Description Language (WSDL) file is needed if 
SOAP is used.   
 
In Figure 6, the legacy model and the Model Controller are external to the DIAS 
framework. Internal to the DIAS framework, the MM5 EvolveAtmosphere Process is 
written to provide the Atmosphere Entity with the implementation of its “Evolve 
Atmosphere” Aspect and is connected at run-time.  When the EvolveAtmosphere Process 
is called to execute within the simulation, it begins by building the process input data 
from the DIAS Entities and packages it with the Entity’s ModelState (MM5ModelState).  
This ModelState is passed into the MM5Model.  In this example, CORBA communicates 
with the external model; therefore, the MM5Model extends our DIAS 
CORBAExternalModel class and takes care of the marshalling and unmarshalling of the 
data outside DIAS to the MM5 Model Controller.  (If this were an internal DIAS model, 
it would execute code directly via the MM5Model subclass.)  At this point, DIAS blocks 
within the MM5Model until the Model Controller executes the legacy model and returns 
the output within the ModelState back to the MM5Model.  The MM5Model then passes it 
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back to the EvolveAtmosphere Process where it (1) unpacks the output data from the 
ModelState and (2) updates the Entity parameters and/or schedules more events.  The 
EvolveAtmosphere Process then waits to be called again for either the same Entity 
instance or another of that type. 
 

 
 

Figure 6:  Process flow for execution of an example external model, MM5 
 
 

SUMMARY AND FUTURE DIRECTIONS 
 
DIAS is a process-based, discrete event simulation framework that can be used to 
develop and maintain a wide variety of multidisciplinary simulations.  The framework is 
completely object-oriented and is domain neutral, making it useful for many application 
domains.  A key benefit of the DIAS framework for development of multidisciplinary 
models is the ability to allow new and/or existing legacy models as well as other 
applications to operate in the same object environment.  The modular design of DIAS 
promotes this flexibility and extensibility, which enhances cost-effectiveness and the 
evolution of applications.  
 
DIAS continues to be used to develop a wide variety of applications.  Currently, efforts 
are underway to utilize DIAS for a three-compartment multimedia prototype model 
sponsored by the U.S. Environmental Protection Agency (EPA).  In addition, there are 
ongoing efforts sponsored by the U.S. Navy in building the Dynamic Integrated Ocean 
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Prediction System application, a DIAS-based virtual maritime environment within which 
existing models are employed to simulate the transition of wind-generated waves in the 
deep water to waves in the near-shore environment, then to surf characteristics and 
currents.  Another new application built using DIAS is CASCADE, the Complex 
Adaptive System Countermeasure Analysis Dynamic Environment sponsored by the 
Joint Chiefs of Staff.  CASCADE is an object-oriented software system for building and 
running agent-based multidisciplinary simulations that concurrently address 
socioeconomic, psychological, environmental, etc., factors to support countermeasures 
analysis.  The first full implementation of CASCADE is CASCADE-CD, a counter-drug 
simulation software system prototype to aid drug interdiction analysts in deriving and 
justifying force structure and operational planning recommendations for combating the 
South American cocaine trade. 
 
The DIAS framework is capable of integrating the wide variety of models, simulations, 
and data necessary to address complex problems.  Entity objects can be created that 
represent the multiple interrelated aspects of ecosystems, both natural and societal.  The 
Entity objects can exhibit specific behaviors, either directly coded within DIAS or 
provided by linked external models and applications.  DIAS can address both the spatial 
and temporal scale issues required for complex dynamic modeling.    
 
While the general-purpose design of DIAS makes it a robust framework for 
multidisciplinary modeling, this benefit necessitates a more complex development 
environment than typically seen in more domain-specific simulation development 
software.  Currently, DIAS users must have fairly advanced object-oriented software 
engineering skills to readily implement applications in the framework.  The DIAS API 
provides instruction and examples that help guide application developers through creation 
of simulations; however, at this time, there is presently no GUI to assist this process, and 
developers must extend the framework objects directly by adding new source code.  As a 
first step in assisting programmers, an API has been developed to help application 
developers utilize the framework.   
 
Currently, DIAS users are typically Java programmers.  The DIAS paradigm, however, is 
beginning to be adopted by other research groups who are building and enhancing the 
application development interfaces for specific areas.  The Army Corps of Engineers 
Engineering Research and Development Center has acquired DIAS to build modeling and 
simulation applications related to military land management.  The EPA is developing the 
Multimedia Integrated Modeling System (MIMS) framework, a software infrastructure or 
environment that will support constructing, composing, executing, and evaluating 
complex modeling studies.  MIMS is being developed to support complex cross-media 
modeling.  The MIMS framework uses DIAS for its model coupling paradigm and 
execution management software.  The DIAS software library provides basic templates for 
domain objects and models and capabilities for constructing interacting sets of models 
and executing those models in the proper order. The MIMS project is supporting the 
addition of new capabilities to the DIAS framework.  In addition, the MIMS framework 
layers on top of DIAS (1) generic user interfaces; (2) well-defined parameter types; (3) 
functionality that minimizes the programming effort required to incorporate new models 
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into a MIMS simulation; (4) general controllers to perform repetitive work, such as 
sensitivity and uncertainty studies; and (5) additional tools to support modelers. 
 
Through the participation on an interagency work group, Software System Design and 
Implementation for Environmental Modeling, the DIAS team has been identifying needs 
and exploring possible collaborative efforts that can help make DIAS more compatible 
with other modeling systems being developed.  In particular, the DIAS team has taken the 
lead on the Execution Management subgroup and is exploring ways to make this DIAS 
component available for use by other research and development teams. 
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Abstract:  Colorado's Decision Support Systems (CDSS) have been providing water resources 
data and models for the State of Colorado since 1996.  StateMod, the State of Colorado's Stream 
Simulation Model, is a water allocation and accounting model that uses the Prior Appropriation 
Doctrine to make comparative analyses of historic and future water management policies in a 
river basin. It has been successfully applied to the Colorado, Gunnison, Yampa, White, San Juan 
and Rio Grande Basins for endangered species and interstate compact evaluations. This paper 
provides an overview of the features available in StateMod, with emphasis on recent 
enhancements that allow a daily time step, variable efficiency of water use, demands, soil 
moisture accounting, and wells to be simulated. 
 

INTRODUCTION 
 
CDSS is a fully operational data centered system being used by the State of Colorado for water 
resource planning and administration.  Its primary components include: 

 
• HydroBase, a comprehensive database of water resource data including streamflow, climate, 

water rights, diversions, well permits, dam safety and land use.   
• CWRAT (Colorado Water Rights Administration Tool), a real time water administration 

and data viewing tool. 
• StateMod, a water resource planning model capable of performing "what if" scenarios for 

both surface and ground water use. 
• StateCU, a consumptive use model capable of quantifying historic water use from both 

surface and ground water resources. 
• ArcView, geographical information system (GIS) software from ESRI, which is used to view 

and analyze spatial data.  Data are keyed to the HydroBase relational database using unique 
identifiers and serial keys.  

• Modflow, the USGS ground water model, which is capable of simulating historic and future 
ground water movement. 

• Data management interface (DMI) programs, which are used to extract information from 
the relational and spatial databases for viewing, analysis and model formatting. 

• A web site (http://cdss.state.co.us), which is used to view and distribute water resource 
data, documentation and software.   

 
The above components operate using a data centered approach.  As illustrated in Figure 1, 
below, data resides at the center of the system and supports a variety of uses including data 
viewing, administration, and modeling.  The data centered approach allows modular 
development to occur yet ensures that all applications use the same, consistent information.  In 
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addition, this approach enhances data integrity, minimizes data redundancy, and enforces entity 
relationships. 
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Figure 1.  Decision Support System Components 

The first phase of CDSS, completed in 1998, encompassed the entire western slope of Colorado.  
In 1999, the system was expanded to include ground water with the addition of the Rio Grande 
Basin in Colorado.  In 2000, a feasibility study was begun to extend the system to the South 
Platte River Basin.  Long-range plans are to include the Arkansas River basin that, upon 
completion, will allow the entire State of Colorado to be included in the system. 

StateMod, the State of Colorado's Water Resource Planning Model, is a water allocation and 
accounting model that uses the Prior Appropriation Doctrine to make comparative analyses of 
historic and future water management policies in a river basin. It has been successfully applied to 
the Colorado, Gunnison, Yampa, White, San Juan and Rio Grande Basins for endangered species 
and interstate compact evaluations. 

STATEMOD MODEL OVERVIEW 
 

StateMod's operation is defined by its hydrology, water rights, and the associated structures and 
operating rules.  The program recognizes five types of water rights: direct flow, instream flow, 
reservoir storage, well, and operational rights. Each of the water rights is assigned an 
administration number (rank) and location in the stream system. The model then sorts the water 
rights by rank and simulates their operation by priority using the Prior Appropriation Doctrine 
(First in time, First in right). The categories of water rights are self explanatory with the possible 
exception of the operational rights, which generally pertain to reservoir operating policies, 
exchanges, and carrier ditch systems.  StateMod's key modeling features are as follows: 
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• Daily or Monthly Time Step. StateMod performs simulations using a monthly or daily time 

step, with features to simplify specification of daily data. 
• Network System. Tributaries and main stem river systems are represented using a branching 

network system.  
• Prior Appropriation Doctrine. The Prior Appropriation doctrine is used to simulate direct 

and instream flow, storage, well, and operational rights as a function of water availability, 
priority, decreed amount, demand, structure capacity and location.  

• Operational Rules. A wide variety of operating agreements and exchanges between one or 
more structures can be simulated. 

• Return Flows. For a given structure, StateMod simulates one or more return flow patterns 
returning to one or more stream nodes to represent the impact of surface and ground water 
returns on stream operations.  

• Instream Flows.  Instream flows are simulated as a reach or point.  
• Wells. StateMod simulates wells as the sole source to a water user or as a supplemental 

supply.  
• Base or Natural Flows. A base or natural streamflow is estimated from gaged or estimated 

streamflow, diversion and reservoir data.  
• Modified Direct Solution Algorithm. StateMod uses an efficient, Modified Direct Solution 

Algorithm (Bennett, Ray R., December, 2000), which allows variable efficiency, soil 
moisture accounting, and immediate (current time step) return flows to be evaluated without 
iteration.  

• Variable Efficiency. Water use is simulated by specifying an average or variable efficiency.  
• Soil Moisture Accounting. Soil moisture inflow, use and storage are simulated.  
• Trans-mountain Diversions.  Trans-mountain basin imports and diversions are simulated.  
• Graphical User Interface (GUI). The model includes a comprehensive GUI (SMGUI) that 

allows: 1) input data to be viewed, edited, and graphed;  2) output to be viewed and graphed; 
3) map-based depiction of basin, hydrology, structure locations, etc.  

• Data Centered Approach. The entire system operates as a data centered component with a 
link to the HydroBase database.  A list of structures can be used to create model input files, 
allowing data to be regenerated for a new study period or database update.  

• Error Checking.  StateMod performs extensive input data error checking.  
 

STATEMOD MODEL DESCRIPTION 
 
Using user specified data, StateMod is capable of simulating stream diversions, instream 
demands, well pumping, reservoir operations and river flows on a monthly or daily basis for any 
stream system. To facilitate this simulation, the river basin is divided into a series of river nodes 
which generally represent gaging stations, river confluences, diversion structures, and reservoirs. 
Accounting is performed on a water right basis, while reporting is performed by structure and 
river node. 
 
Streamflow Allocation:  StateMod allocates water to a diversion, instream flow, or reservoir 
based upon physically available river flow, legally available flow (priority), decreed right, 
delivery capacity, and demand. Because a well may pump water from ground water storage, 
StateMod allocates water to a well using the same constraints described previously, except that it 
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is not limited to the physical availability of flow in the river. If current or future depletions 
caused by wells exceed the available flow, the water supply is identified as coming from ground 
water storage. Demand is an input to StateMod that describes the time varying desire to divert 
water. It is typically estimated outside the model to reflect either historic or future demands 
associated with agricultural, municipal, and industrial water needs. 
 
The water allocation scheme used in StateMod is the Modified Direct Solution Algorithm 
(MDSA) that recognizes the impact of a diversion's return flows even when they occur in the 
same month or day that they were diverted. The MDSA allows water use efficiencies to vary up 
to a user specified maximum and soil moisture accounting. The MDSA eliminates the need to 
iterate between time steps unless reservoir operations or return flows that do not accrue to a 
downstream node make new water available to the system. The following is an abbreviated 
description of the stream allocation scheme. 
 
1. Water availability is determined at each river node to include both native inflows and return 

flows accruing from a prior time step.  
2. The most senior direct, instream, storage, well or operational water right is identified.  
3. Diversions are estimated to be the minimum of the decreed water rights, structure capacity, 

demand, and available flow in the river. For a direct flow or reservoir right, the available 
flow in the river is the minimum flow at the diverting node and every downstream node plus 
any of the diverting rights that return flow to that node. For an instream right, the available 
flow in the river is the flow at each node in the reach. For a well, pumping is not constrained 
by the available river flow because pumping may deplete ground water storage.  

4. Downstream flows are adjusted to reflect the senior diversion and its return flows.  
5. Return flows for future time periods are determined and stored.  
6. Well depletions for future time periods are determined and stored.  
7. The process is repeated by priority for successive direct, instream, storage, well, and 

operational water rights. 
8. If new water is introduced to the system from a reservoir's operation or return flows accrue to 

a non-downstream node, the process is repeated beginning with the most senior direct, 
instream, storage or operational right.  

9. The process is repeated for each month or day of the study period.  
  
System Operations:  System operations describe how direct, instream, well and storage rights 
interact operationally. Reservoirs store water based on physically available river flow, legally 
available flow (priority), decreed rights, storage capacity, demand, and operating rules. A 
balance is computed which accounts for the inflows and outflows from a reservoir including 
natural inflow, pumped inflow, controlled releases, spills, net evaporation, and seepage. 
Downstream river flows associated with a reservoir storage or release are adjusted using the 
same water allocation procedure outlined in the previous section. 
 
Water is released from a reservoir to satisfy a demand, exchange agreement, augmentation 
requirement, hydropower goals, or target storage values. Reservoirs may have one or more 
ownership accounts and may be located on the main-channel or off-channel. Standard operating 
policies associated with most river basins are included in StateMod as described in Table 1, 
below. 
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Table 1.  StateMod’s Standard Operating Rules, by Number 
 

# Destination 
or Diverting 
Structure  

Source or 
Replacement 
Structure 

 
 
Operational Activity                         

 
Delivery 
Method 

1 Instream flow Reservoir Release for an instream flow or demand River 
2 Direct flow or 

Reservoir 
Reservoir Release for a direct diversion, reservoir or carrier River 

3 Direct flow or 
Reservoir 

Reservoir Release for a direct diversion  Carrier or 
Reservoir

4 Direct flow Reservoir Direct diversion by exchange with a reservoir 
storage account 

River 

5 Reservoir Reservoir Storage by exchange with a reservoir storage 
account 

River 

6 Reservoir Reservoir Physical exchange or paper exchange (bookover) River or 
Carrier 

7 Carrier Reservoir Carrier diversion by exchange with a reservoir 
storage account 

River 

8 Reservoir Reservoir Bookover associated with an out-of-priority 
diversion to storage 

N/A 

9 N/A      Reservoir Release for target contents  River 
10 Direct Flow  Reservoir Replacement reservoir operation for direct release 

or exchange 
River 

11 Direct Flow 
or Reservoir 

Direct  Diversion through an intervening structure River or 
Carrier 

12 N/A  N/A  Manual reoperation N/A 
13 Instream 

Flow  
N/A  Constrain an instream flow based on the flow at 

one or more river nodes 
N/A 

14 Direct Flow 
or Reservoir 

Direct Diversion through an intervening structure; 
diversions are constrained by the carrier 
structure's demand 

River or 
Carrier 

 
Unique operating policies not described in Table 1 may be incorporated into the model's 
modular structure by providing a custom subroutine similar to the manner used in the USBR's 
OPSTUDY model (Otradovsky, 1985).  System operations, return flows to non-downstream 
river nodes, and well pumping have the potential to add additional water to a river which might 
be available to a senior water right. For example, when a reservoir releases water to meet a target 
storage level, additional water may become available to a senior downstream right. Similarly, if a 
ditch returns water to a neighboring non-downstream tributary, those return flows may be used 
by a senior ditch on that tributary. Finally, when the return flow associated with well pumping 
exceeds its depletion to the river, additional water may become available to a senior downstream 
right. When such a system operation, non-downstream return flow, or net accretion occurs, the 
model automatically reevaluates all water rights in priority to allow senior rights to benefit from 
the additional water supply. 
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STATEMOD RUN MODES 
 
StateMod is structured to perform one of four interrelated activities:  generate base flows, 
simulate, report, and data check.  
 
Base Flow Module:  The base flow module creates a set of "base streamflows", from which the 
impact of historic diversions, return flows, well pumping, and reservoir storage, release, 
evaporation and seepage are removed. The generation of a "base streamflow" sequence is 
necessary for a basin planning model in order to analyze a "What If?" scenario that includes a 
proposed water right or an operating strategy that may impact historic river operations. This 
module may be executed to develop a "natural streamflow" sequence if all human impacts are 
removed or a "base streamflow" sequence if only selected human impacts are removed. When a 
"base streamflow" sequence is used rather than a "natural streamflow" sequence, it is implicitly 
assumed that the historic diversion and reservoir operation impacts that are left in the gage will 
not change significantly under a "What If?" scenario. By including this component within the 
model, data preparation requirements are reduced significantly and future simulated return flow 
patterns, where appropriate, are consistent with the base or natural streamflow generation. 
 
Simulate Module:  The simulate module simulates the river based on water rights and operating 
criteria.  For every simulation time step, direct, instream, storage, well, and operational rights are 
simulated from the most senior to junior priority. At the end of each simulation month, results 
are printed for each river node to a direct access binary file. If a simulation only option is chosen, 
then the program is complete and detailed reports may be obtained through the report module. If 
a simulation plus report option is chosen, then at the end of the simulation period the binary file 
is read to produce reports. 
 
Report Module:  The report module reads the direct access, binary files generated by the 
simulate module to produce reports and files that can be imported into a number of common 
spreadsheet packages.  The following standard reports are available: 
 
• Diversion Summary - detailed monthly description 
• Reservoir Summary - detailed monthly description 
• Operational Right Summary - detailed monthly description 
• Instream Flow Summary - detailed monthly description 
• Well Summary - detailed monthly description 
• Binary File Data - ASCII listing of the simulation results stored in binary output files 
• Water Balance - basin-wide monthly description of the inflows, outflows and storage 

changes that were simulated over the study period 
• Water Rights List - ranked listing of all water rights in the simulation 
• Graph Data for Diversions, Gages, Wells, Reservoirs - export to a number of common 

spreadsheet packages for plotting or additional analysis 
• Supply (total diversion), shortage and consumptive use summaries - provide a matrix 

summary for each diversion structure 
• Selective Output - detailed reports for up to 50 individual parameters such as streamflow at a 

gage, return flow to a node, and end-of-month reservoir contents 
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Data Check Module:  The Data Check Module echoes the streamflow and diversion data, prints 
a comprehensive list of all water rights sorted by priority, tabulates input data for simplified 
reporting, and performs selected data checks of the input files, including verifying that: 
 
• the stream network is properly connected 
• return flows return to a stream node and return delay tables total 100% 
• the distribution of return flows to river nodes or losses equals 100% 
• wells have both a return flow and depletion table 
• water rights are assigned to a structure or operation 
• structures have a water right 
• demands are assigned to a structure, and structures have a demand or operation 
• area capacity tables increase 
• operational rights are properly specified 
• required time series data are available for the analysis period 
  

STATEMOD OPERATIONAL FEATURES 
 
Daily Operations:  StateMod can operate on a monthly or daily time step. The daily capability 
can be implemented directly or by building upon a monthly model. Constructing a monthly 
model first is recommended for the following reasons: 
 
• The most difficult part of developing a basin model is understanding the system. By first 

developing a monthly model, the system operation can be investigated without burdening the 
user with the volume of information that is ultimately required for a daily model.  

• A daily model is typically developed to simulate large and small flow events that occur 
within a monthly time step. Therefore, although daily streamflow data will be required, the 
user may want to estimate the other terms required for daily analysis, such as diversion 
demands or reservoir targets, using a simplified approach.  StateMod allows daily data to be 
estimated by: 

1. dividing a monthly estimate by the number of days in a month 
2. setting daily data to a monthly average 
3. using another gage's daily distribution 
4. using a pattern developed by connecting the midpoints of monthly data, or  
5. for a reservoir, using a pattern developed by connecting the endpoints of monthly data 

• Daily baseflows can be developed directly as daily data or estimated from monthly baseflow 
estimates.  

• For the case where a structure has both daily and monthly data that are not equal, the 
distribution method specifies which controls. This approach provides maximum flexibility 
for assigning daily data.  

• The routing of daily streamflows is accounted for by the gain and loss term that results from 
the base (natural) stream flows estimated by or provided to the model.  

• Routing of reservoir releases is not included because, 1) StateMod is a primarily a planning 
model, 2) the additional detail required to properly implement reservoir releases with a travel 
time component is not justified because the system would need to include some type of 
forecasting to know whether a reservoir release is required before a reservoir demand occurs, 
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and 3) the volume of water potentially delivered early by ignoring a reservoir's travel time is 
offset by the potential over-release that occurs after the demand has been satisfied.  

  
Variable Efficiency:  StateMod allows water use efficiency to vary from 0 to a user-specified 
maximum value (percent).   Issues related to variable efficiency include: 
 
• Variable efficiency uses the Modified Direct Solution Algorithm. 
• Variable efficiency requires that consumptive water requirement is provided for each 

diversion and well structure for each year, or it is estimated from the average efficiency.  
• Variable efficiency for wells may include a value for both flood and sprinkler applications if 

the area served by sprinklers is provided.  
• Variable efficiency operations may include optional soil moisture accounting. 
• Variable efficiency capability applies to all direct diversion, well pumping, and carrier to 

diversion structure operations.  
• Variable efficiency capability does not apply to reservoir releases. Related operating rules 

continue to use the average efficiency data provided in the diversion station file to determine 
the structure's demand from the reservoir.  

  
Demands:  StateMod provides several methods to simulate a structure's demands. The selection 
of a demand approach is relatively simple for a system with only surface water. However, 
selecting an appropriate demand approach for a system with both surface and ground water can 
be critical because diversions, wells, and reservoir data often have a different water use 
efficiency.  Issues related to demands include: 
 
• Demand data may be provided at the supply point (includes inefficient water use) or as a 

consumptive requirement (assumes efficient water use). When demands are provided as a 
consumptive requirement, StateMod adjusts the demand to include the inefficiencies 
associated with the water supply source (surface diversion or well) being simulated.  

• Demand data can be provided for diversions and wells separately or as a single value that 
may be served from both surface and ground water supplies. The ability to separate or 
combine demands based on source allows flexibility to perform both historic and calculated 
calibration.  

• Demands that can be served by both surface and ground water may be simulated using a 
maximum demand approach, which, 1) allows a structure to divert surface water up to the 
decreed amount, and 2) limits ground water pumping to the consumptive requirement. This 
approach allows for use of surface water that may result in a relatively low water use 
efficiency but use of ground water, as needed, at a relatively high efficiency.  

  
Soil Moisture Accounting:  StateMod has the ability to include soil moisture as a water supply. 
Issues related to soil moisture accounting include: 
 
• The soil moisture capacity is calculated as follows: 
 

SM = D * A * C 
where SM = Soil Moisture, D = Soil Depth, A = Area, and C = Soil Moisture Capacity. 
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• The Soil Moisture option allows water to be stored in the soil zone up to its capacity and the 

diverting structure's (direct diversion or well) efficiency.  
• StateMod initializes the soil moisture reservoir to be 50% of the soil moisture capacity.  
• If the area of a structure is reduced from one year to the next and the resulting soil moisture 

capacity is exceeded, any water in excess of the capacity is estimated to be a loss attributed to 
that structure.  

• The Soil Moisture option requires that the variable efficiency option be used.  
• In a simulation mode, the Soil Moisture option uses an operating rule to specify an 

administration date that controls when water is available to be taken out of the soil zone to 
satisfy a consumptive (not total) demand. In order to represent water use when historic 
diversions are provided as a demand, this operating rule allows water to be taken out of the 
soil zone when a structure's consumptive irrigation water requirement exists, even if the 
structure's demand has been specified as zero.  

• In the baseflow mode, the Soil Moisture option removes water from the soil zone to satisfy a 
consumptive (not total) demand after surface and well water have been used. In order to 
represent water use in a baseflow mode, water can be taken out of the soil zone when a 
structure's consumptive irrigation water requirement exists even if the structure's diversion 
and pumping has been specified as zero. 

 
Wells (Ground water):  StateMod allows ground water pumping via wells to be modeled. 
Issues related to well modeling include: 
 
• Wells are operated within StateMod as water rights associated with a well structure that may 

or may not be associated with a diversion structure. 
• If a well structure is not associated with a surface water structure then well demands are 

provided in the well demand file.  If a well structure is tied to a surface water structure, then 
demands may be provided and treated in several ways.  

• Wells may increase the water supply available at the river at a given time step if well return 
flows exceed the stream depletion. StateMod checks for such a condition and re-operates to 
allow senior ditches to benefit from the additional water supply.  

• Wells may require two or more delay patterns to represent the delay associated with return 
flows and depletions. When the sum of return flows to the river is less than 100%, the 
balance is treated as a loss. Similarly, when the sum of depletions to the river is less than 
100%, the balance is treated as salvage.  

• Wells may cause a river flow to be negative when the estimated depletion to the river 
exceeds the streamflow. StateMod treats such an occurrence as an indication that pumping 
impacts have depleted ground water storage rather than the stream flow. Under such a case, 
StateMod allows the pumping to occur and accounts for the source of water as originating 
from ground water storage. The quantity of water supplied by ground water storage in a 
simulation time period is taken out of the stream for the next time period before any water 
allocation occurs. Since data for this term is generally not observed, baseflow calculations 
may be influenced by this lack of data. 

 

 9 



EXAMPLE MODEL APPLICATION 
 
StateMod can be run in batch mode from the command line.  However, the StateMod Graphical 
User Interface (SMGUI) provides features to simplify model execution and viewing of data and 
results.  The main SMGUI interface provides a map display to visualize the locations of physical 
features of the data set (e.g., diversions, reservoirs, streamflow stations), as shown in Figure 2, 
below.  Detailed information about model features can be displayed using the Edit menu or by 
selecting features on the map.  Model input and results can also be summarized on the map 
display (e.g., to show average diversions or differences between two scenarios). 
 

 
 

Figure 2.  StateMod GUI Main Interface 
 
Parametric information for model features can be viewed in an expanded view.  Figure 3, below, 
illustrates the reservoir display, which is typical of the displays for the main data types 
(diversions, reservoirs, instream flows, wells).  A searchable list of all reservoirs is provided.  
Primary information for a selected reservoir is displayed in the reservoir window, with 
subsequent windows available for more expansive data, including time series.  The detailed 
views provide quick access to specific structures in StateMod data sets.  
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Figure 3.  StateMod GUI Reservoir Interface 
 
Time series input and output data can be extracted from in-memory data, ASCII input files, or 
binary output files.  Time series are identified using standard  time series identifiers, which allow 
graph configuration files to be saved and reused at a later time.  Figure 4, below, illustrates a 
graph of total demand and total supply for monthly and daily results. 
 
Diversion, streamflow, and instream flow nodes have approximately thirty time series data types 
(e.g., total demand, total supply, water from soil, total return, reach gain) that may be viewed in 
graphical or tabular form.  Reservoirs have approximately twenty-five time series data types that 
may be viewed as totals and by reservoir account (e.g., storage, evaporation, inflow, release).   
Wells have over twenty time series data types that may be viewed (e.g., total demand, well 
supply, returns).  The large number of parameters, large data sets (typically hundreds of 
structures and water rights), and long periods (up to nearly one-hundred years of input data) can 
result in very large binary output files (hundreds of MB).  Therefore, a tool like the StateMod 
GUI can greatly simplify viewing and processing results by automatically handling calls to the 
StateMod report module.  General features of the time series viewing tools include: 
 
• display graphical, report (text), and tabular views of time series 
• display time series with different data types, units, and intervals 
• numerous properties to control data product appearance 
• zoom, scroll, and mouse locator capabilities to facilitate viewing large data sets 
• ability to save plots as images or configuration files 
• interface to time series analysis tools for more complex output products 
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Figure 4.  Example StateMod GUI Time Series Plot 
 

SUMMARY 
 
StateMod, the State of Colorado's Stream Simulation Model, is a water allocation and accounting 
model that uses the Prior Appropriation Doctrine to make comparative analyses of historic and 
future water management policies in a river basin. It has been successfully applied to the 
Colorado, Gunnison, Yampa, White, San Juan and Rio Grande Basins for endangered species 
and interstate compact evaluations. The major features available in StateMod have been 
presented with emphasis on recent enhancements that allow a daily time step, variable efficiency 
of water use, demands, soil moisture accounting and wells to be simulated. 
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INFUSING NEW SCIENCE  
INTO THE  

NATIONAL WEATHER SERVICE RIVER FORECAST SYSTEM 
 

By Gary M. Carter, Director, Office of Hydrologic Development 
National Weather Service, NOAA 

Silver Spring, MD  
 

Abstract:  An important aspect of the National Weather Service (NWS) mission is to produce  
forecasts for America=s rivers and streams.  To facilitate this activity, the NWS River Forecast 
System (NWSRFS) has been implemented at 13 field offices to generate forecasts at 4,000 river 
locations throughout the U.S.  The NWSRFS is a comprehensive suite of programs and algorithms 
covering the end-to-end forecast process, from real time data ingest to the generation of forecast 
hydrographs.  A variety of hydrologic and hydraulic models are available for modeling basin 
specific conditions.  In addition, a number of system functions are available for manipulating and 
displaying hydrologic data. 
 
In order to improve river and flood forecasting for the Nation, the NWS is implementing the 
Advanced Hydrologic Prediction Service (AHPS).  Current water resource forecasting techniques 
within the NWSRFS make limited use of growing skill in short to long range weather forecasts.   
The AHPS will take advantage of these capabilities as well as new hydrologic and hydraulic models 
to increase the accuracy of NWS forecasts and to quantify the uncertainty in these predictions.   
 
The AHPS will also incorporate new science into the NWSRFS.  By leveraging this science 
infusion, applied  research within the NWS Hydrology Laboratory (HL) will deliver advanced 
modeling techniques to NWS field offices.  New calibration strategies, distributed modeling 
approaches, ensemble forecasting and data assimilation techniques, sophisticated data analysis 
procedures, flood forecast inundation maps, advanced hydraulic routing models, and improved 
precipitation estimation techniques will be introduced.   
 
An overview of the NWSRFS will be presented, followed by a brief discussion of the AHPS.   
Specific research and development projects identified by the AHPS Science Infusion Strategy will 
also be highlighted. 
 

INTRODUCTION 
 

Overview of the National Weather Service River Forecast System (NWSRFS):  The National 
Weather Service (NWS) is mandated to provide forecasts and flood warnings  for America=s rivers 
and streams.  Currently, this water-related mission is fulfilled by providing daily and other forecasts 
for 4,000 points across the contiguous United States and Alaska.  Thirteen River Forecast Centers 
(RFC) staffed by hydrologists, meteorologists, and technicians produce the river forecasts.  The 
NWSRFS is used to generate a wide range of water quantity forecasts ranging from hours to months 
into the future.  Interested readers are referred to Glaudemans et al. (2002), Fread et al. (1995), 
Larson et al. (1995), and Stallings and Wenzel (1995) for more information regarding the NWS river 
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and flood program.  
 
As shown in Figure 1, the NWSRFS comprises three major components: the Calibration System 
(CS), the Operational Forecast System (OFS), and the Ensemble Streamflow Prediction (ESP) 
System.  For the CS, historical observations of precipitation, temperature, and evaporation are 
processed to create mean areal time series.  These time series usually extend back to 1948, the 
current limit for digital information from the National Climatic Data Center (NCDC).  By using the 
mean areal values to initialize the water prediction models, manual or automatic calibration 
techniques are applied to derive the optimum hydrologic and hydraulic model parameters.  The 
calibrated hydrologic and hydraulic models are then used to generate operational forecasts within the 
OFS, and real-time observations of precipitation and temperature are employed instead of NCDC 
historical data.  These real-time observations are combined with forecast estimates of precipitation 
and temperature derived from a variety of data sources and techniques.  The combined time series 
are used to produce streamflow forecasts several days into the future.  NWSRFS can be run in batch 
mode or interactively via the Interactive Forecast Program (IFP).  Via the IFP, forecasters can 
perform run-time modifications to a number of model states or other factors in order to account for 
nonstandard hydrologic conditions.  In the ESP system, the historical time series derived for the CS 
are used to generate an ensemble of simulated streamflow traces with the models being initialized by 
the current values of the OFS state variables.  Statistical analysis is then performed to qualify the 
uncertainty. It is important to note that the same hydrologic and hydraulic models comprise all three 
systems.   
 
Advanced Hydrologic Prediction Service (AHPS):  The AHPS will meet  service delivery 
enhancement goals by implementing hydrologic forecast models tuned to local conditions and 
operated to account for uncertainty in hydrologic forecasts.  An ensemble approach to 
weather, climate and water forecasting will provide the probabilistic basis for AHPS forecast 
products.  Numerous AHPS products will be produced to meet diverse user needs.  The AHPS 
will deliver  information for the user community to take into account the probability that 
flooding will occur in balance with the costs of responding and benefits to be gained.  This will 
contribute toward improved water management via informed risk-based water management 
decisions.  Meeting NWS service goals requires an infusion of new science into the existing 
forecast system.  The AHPS has the primary objectives of improving the accuracy and lead 
time of NWS river and flash flood forecasts, and quantifying the uncertainty of water 
predictions. 
 
The Mechanisms for Science Infusion:   The AHPS is the overall vehicle for new science to be 
delivered to the NWS field offices for improved river and flash flood forecasting.  There are 
several mechanisms for performing research leading to new advances.  The HL performs basic 
and applied research within its Hydrologic Modeling and Science Branch (HSMB). Groups 
have been established in HSMB to concentrate on rainfall-runoff modeling, 
hydrometeorological analysis, river mechanics and mapping, and more direct scientific 
cooperation with other Federal agencies. 
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The AHPS initiative also provides an expanded mechanism by which research can be 
performed with leading academic institutions.  Additionally, improved collaboration with the 
scientific community through programs such as the GEWEX America Prediction project, and 
the U.S. Weather Research Program will support the AHPS science infusion goals.  
 

AREAS OF SCIENCE INFUSION 
 
Calibration System:  The component structure of NWSRFS depicted in Figure 1 provides a 
convenient framework for presenting specific aspects of the AHPS science infusion strategy. New 
science from the AHPS initiative will touch every area of the NWSRFS.   For the CS, numerous 
research studies offer promise for improving the ability to calibrate the NWS suite of hydrologic and 
hydraulic models, resulting in more accurate operational forecasts.  Better manual and automatic 
calibration techniques are needed.  Recent research has resulted in an initial strategy for deriving 
values of the Sacramento Soil Moisture Accounting model (SAC-SMA) from physical soil type data 
(Koren et al., 2000; Koren et al., 2002a;  Duan et al, 2001).  These values provide not only an initial 
estimate of the model parameters, but also an indication of the spatial variability of the parameters 
across a group of basins.  Such knowledge helps validate the results from the manual or automatic 
calibration process by ensuring the parameters vary according to a logical spatial pattern.  New 
approaches to automatic parameter calibration promise to add to the rich legacy of similar 
techniques developed in academia and delivered for NWS field use.  For example, single objective 
automatic calibration techniques developed by Brazil (1989) and Duan (1992) have been available as 
part of NWSRFS for many years.  Recently developed multi-objective calibration techniques offer to 
reduce some of the parameter variability associated with the use of a single objective function to 
measure the goodness of fit  (Gupta  et al., 1998).  Further improvements to initial parameter sets 
may ensure that both single and multi-objective calibration can be constrained to result in more 
appropriate spatial patterns for parameters throughout basins (Koren et al., 2002a).  
 
The ongoing Model Parameter Estimation Experiment (MOPEX, 2002) is another effort to enhance 
the understanding of model parameter derivation.  In MOPEX, data from a wide range of climate 
regimes throughout the world are being  assembled and used  with different hydrologic models.  
   
In addition to complex, physically-based methods for parameter estimation and optimization, tools 
are being developed and enhanced to aid the field hydrologist in calibration of NWS models.  
Among these is the Calibration Assistance Program (CAP).  CAP (Calibration Assistance Program, 
2002; Reed, 2001) is a GIS-based application developed to extract useful information from soil 
property, forest cover, satellite snow cover, rainfall climatology, and potential evaporation data 
layers.  CAP is a national application since  these data layers have been collected and processed for 
the contiguous U.S. and Alaska.  Within CAP are procedures to derive initial estimates of SAC-
SMA parameters and coefficients related to potential evaporation as well as procedures for the 
derivation of watershed divisions based on elevation differences.  Another AHPS-funded project 
involves the redesign of the entire CS to achieve a unified system with improved data access and 
storage. 
 
Operational Forecast System:  Numerous enhancements have been identified that should increase 
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the accuracy of the hydraulic and hydrologic models used to generate forecasts in the OFS.  Included 
are improvements to the models themselves and advanced procedures for collection and processing 
of observations of precipitation, temperature, and evaporation.  A major area of research in both 
academia and  the HL is the development of distributed hydrologic models for river and flash flood 
forecasting.  Research  (Koren et al., 2002b) has led to the development of the first distributed 
hydrologic model for the NWS.  Koren=s model, the HL Research Modeling System (HL-RMS), 
currently uses the SAC-SMA to transform rainfall into runoff, but has been designed in a modular 
fashion so as to accept other rainfall runoff models.  In certain cases, this model has demonstrated 
improvements over the current lumped application of the SAC-SMA (Zhang et al., 2001).  The HL-
RMS is the focus for HL=s participation in the Distributed Model Intercomparison Project (DMIP).  
DMIP will provide direction to HL=s research into distributed models by testing advanced models 
being developed in academia and other governmental agencies. 
 
Research into cold season processes promises to provide improvements in simulation accuracy.  
Work by Koren and others (Mitchell et al., 2002; Koren et al., 1999) has focused on improving the 
representation of frozen ground effects on the rainfall-runoff process.  This work has also resulted in 
practical improvements for the calibration of operational models used for snow accumulation and 
ablation.  HL has participated in the international Snow Model Intercomparison Project (SnowMIP) 
to discern the benefits of using a full energy budget model instead of the current temperature index 
method.     
 
Variational assimilation (VAR) of real time data to enhance the estimates of model state variables 
has shown the potential to improve upon the existing Kalman filter approach (Seo et al., 2001a,b).  
Such assimilation techniques also offer the possibility to eliminate the need for subjective 
operational run-time model and state modifications to account for nonstandard conditions.  VAR 
also offers advanced methodologies for the estimation of parameters for distributed hydrologic 
modeling.  In addition, the ongoing Land Data Assimilation System, a collaborative effort among 
NOAA,  NASA,  and several universities, is focused on the estimation of initial soil moisture and 
soil temperature state variables for atmospheric forecast models.  
 
Other AHPS science is directed toward improving the accuracy of observations of precipitation, 
temperature, and evaporation (Bonnin, 1996).  Rainfall estimates are one of the most important input 
variables required by the hydrologic forecast models.  Therefore, it is essential to obtain accurate 
estimates of rainfall.  To this end, several techniques (Breidenbach et al., 1999) have been developed 
at the HL to estimate precipitation from multi-sensor data such as rain gauges and radar 
observations.  Research is under way to develop techniques to further improve the precipitation 
estimates by incorporating new data sets such as satellite rainfall estimates and lightning data 
(Kondragunta, 2002).  Efforts are also on going at the HL to develop semi-automated rain gauge 
quality controlling techniques (Kondragunta, 2001). 
 
Considerable research has been directed toward the enhancement of quantitative precipitation 
estimates (QPE) from the national suite of Doppler weather radars (Seo and Breidenbach, 2002; Seo 
et al., 2000; Breidenbach et al., 1999; Fulton et al., 1998; Seo, 1998).  The AHPS is poised to infuse 
science for the generation of probabilistic quantitative precipitation forecasts.  The current 
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operational NWS multi-sensor rainfall algorithms produce a single field of precipitation 
accumulations.   However, forecasters and other external  water management agency users of these 
products lack information on the accuracy of these estimates.  For some rainfall events,  rainfall 
products might be expected to be more reliable compared to other events.  Users would be better 
able to make informed decisions if  they knew not only the best rainfall estimate but also the 
associated uncertainty and/or range of most likely values.  This information will be obtained through 
various  procedures including running the existing algorithms in an ensemble-like  mode with 
variable parameter settings and/or with some procedures  turned on or off.  The users of these 
ensemble/probabilistic radar rainfall products will be NWS weather and river forecast offices and 
their customers.  These products will be used for  both larger-scale hydrologic modeling and river 
flood applications as well as smaller-scale, short-fuse flash flood applications on  small watersheds.  
 
The NWS also performs research and development into hydraulic flood routing procedures.  These 
procedures solve the full St. Venant equations for one-dimensional unsteady flow (Fread and Lewis, 
1988).  Recent efforts have resulted in improved algorithms for handling levee failure and flow 
between storage components behind levees.  Current research is concentrated on providing a 
capability to model pollutant transport in the case of spills during major flood events.  Future 
research needs to address the existence of moveable beds in major rivers, which can result in large 
shifts in the rating curves used to forecast river stages.  In addition, a more robust capability to 
model the effects of ice jams on river flow must be developed.        
                
Corresponding to improvements to the hydraulic routing models are being accomplished via the 
introduction of a flood forecast mapping capability (Cajina et al., 2002).  In this application, the 
hydraulic representation of a water surface is derived for a specific geographic area to depict the 
extent of flooding due to unsteady flow, backwater from tributaries, man-made structures, and levee 
overtopping. Water elevations computed by the NWS dynamic wave model  are computed as part of 
the OFS.  The water surface elevations are interpolated between cross sections and combined with 
other data layers to produce a GIS-based  flood forecast map, which is made available to emergency 
managers and others via internet mapping capabilities.   A major area of development is the 
derivation of GIS-based flood forecast maps for probabilistic water surface elevations.   

 
Ensemble Streamflow Prediction System:   Probabilistic river forecasts are currently the more 
visible of the AHPS products.  To generate the probability statements, the NWS has pursued an 
ensemble approach to quantifying the uncertainty in river forecasts.  Traditionally, several 
streamflow traces have been generated by using each year from an historical time series derived by 
the CS as a surrogate for the future.  Analyses are performed on various time windows of those 
traces and statistics are computed to describe the uncertainty.  Recent efforts have attempted to 
utilize the uncertainty information in forecast products being produced by the NOAA National 
Centers for Environmental Prediction (NCEP), including the Environmental Modeling Center 
(EMC), the Hydrometerological Prediction Center (HPC), and the Climate Diagnostics Center 
(CDC) of the NOAA Office of Atmospheric Research.  Procedures to produce ensemble 
precipitation forecasts suitable for input to hydrologic forecast models are being developed and 
tested in collaboration with these centers (Perica et al., 2000). 
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The NWS is developing ensemble precipitation forecasts for use by existing hydrologic forecast 
models.  This ESP Pre-Processor will use operational NCEP/HPC and NCEP/CPC deterministic and 
probabilistic forecast products for lead times ranging from 6 hours to 1 year.  New ESP Pre-
Processor procedures need to be developed to incorporate NCEP/EMC ensemble forecasts.  These 
ensembles must be corrected for biases and downscaled in space and time to correspond to the scales 
of the hydrologic models.  This requires an archive of ensemble forecasts and corresponding 
precipitation observations for a period of at least 3 years for medium range forecasts and 
considerably more extensive for long range forecasts.  For short term forecasts of precipitation, an 
historical archive of HPC forecasts  with the corresponding observations of  precipitation  is needed 
to assess forecast accuracy and to develop improved methods to account for bias and uncertainty.  In 
the absence of an appropriate archive, a procedure has been developed for defining the uncertainty in 
deterministic precipitation forecast amounts based on a record of observed precipitation amounts 
(Herr et al., 2001; Mullusky et al., 2001). 
 
 SUMMARY 
 
The AHPS will stimulate an extensive suite of science infusion efforts, which will dramatically 
impact the variety and quality of water prediction information the NWS provides to the American 
public.   For example a recent study by the National Hydrologic Warning Council (2002), indicates 
the AHPS could produce $766 million in economic benefits each year, once implemented throughout 
the United States.  These new forecasts and information for America's rivers and streams will impact 
far reaching daily decisions related to flood reduction, navigation, hydroelectric power, irrigation, 
recreation, and water supply.   
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Abstract:  HEC software packages are developed for use by Corps of Engineers offices engaged in 
water resources management activities and are made available to others via public domain 
distribution.  The software packages are widely used by other federal, state, and local government 
agencies, private consultants, and international organizations.  HEC has been actively modernizing 
and replacing (effort coined ‘NexGen project’) the major software packages addressing watershed 
runoff, river hydraulics, reservoir systems, flood damage, and real-time water control by taking 
advantage of advances in engineering and planning technology, and developing the code using new 
computer science concepts targeted at prevailing desktop computing environments.  A series of 
companion GIS utility packages have likewise been developed to support the modeling software.  
This paper provides an overview of the status and capabilities of the HEC NexGen software 
packages and the real time decision-support Corps Water Management System, and describe the on-
going near- and longer-term development activities. 
 

INTRODUCTION 
 
Prior to the current modernization effort, the family of HEC software evolved over the previous 30 
years of program development activities.  These programs continue to be available and operational 
in a batch mode on mainframe and desktop computers.  The programs include advanced computation 
and display capabilities.  There are about 90 programs in the HEC inventory with about 20 that are 
categorized as major software packages or utilities supporting the major software packages 
(USACE, 2000).  Most continue to be in use, although use is declining as the user community adopts 
the successor software packages.  The structure of the programs and their essential functioning 
remains batch.  These legacy programs will be supported for the near-term but will not be improved. 
 
The present and near-term future engineering applications computing environment is that of the 
desktop computer that includes both Unix and Microsoft (MS) Windows-based personal computers 
and engineering workstations.  The engineer-user rightfully expects software that is state-of-the-art 
in technical capability, designed for interactive use, supported by high-quality graphics, and 
accessed and used via a graphical user interface.  The HEC legacy programs are not well structured 
for efficient adaptation to this new environment.  Also, the need to continually improve program 
capabilities dictates that software architecture and computer code is easy to modify and maintain.  
The modernization effort that began in the early 1990’s and continues today was formulated to 
respond to the need to develop successor generation software to the legacy family of HEC programs.  
 
 
 

MODERNIZATION PLANNING AND INTITIAL EFFORTS 
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Early Planning:  Modernization planning began in the early 1990’s with a detailed examination of 
the state-of-the art of relevant hydrologic engineering modeling concepts and algorithms, and the 
existing and projected computer science technology for the immediately coming years.  The Center 
engineering and computer science technical staffs were formed into teams to investigate a range of 
issues and topics.  Professionals from the Corps, private engineering community, and computer 
technology industry were engaged in the discussions.  The consensus was that we should initiate a 
specific modernization project (coined NexGen) that would become the structure within which HEC 
software development would occur over the next decade or so.  Goals associated with engineering 
algorithms (for modeling surface runoff, river hydraulics, reservoirs systems, evaluation and impact 
analysis); hardware environment (desktop computers, local and wide area network connectivity); 
code structure and language (object-oriented design and coding concepts); user interface (interactive 
graphical user interface); data persistence, management, and software integration (central data store, 
GIS, commercial and time series data, software integration architecture) were formulated and 
adopted.  Please note that at that time, the Microsoft Widows operating system (Microsoft, 2000) 
was still DOS based (e.g. no NT versions yet), Java was not yet invented (Sun, 2001) and Unix was 
its usual arcane self, but personal computers and RISC-based workstations had come to be in 
widespread use. 
 
Early Action:  The immediate outcome of the planning was that NexGen software would be 
designed for interactive use as single station programs or for use in multi-tasking, multi-user 
network environments.  The programs would be successors to the existing HEC programs, and 
would be expected to win converts from the existing legacy software user community via superior 
capability and ease of use of the new software.  To the extent permitted by technology, schedule and 
resources, and staff skills, the programs would be constructed based on object-oriented concepts and 
be targeted for multi-platform application (MS Windows and Unix primarily).  The river analysis, 
hydrologic modeling, and flood damage analysis software packages were designated for early 
development with development for reservoir systems analysis and impact analysis delayed. 
 
The two lead teams immediately began work to implement the goals of NexGen.  The hydrologic 
modeling team (developing HEC-HMS as the successor to HEC-1) took the lead in implementing 
object-oriented design and coding and worked in the Unix operating system environment.  Unix and 
object-oriented development were both new areas for HEC and thus required substantial 
commitment to change.  Until that time, HEC was a seasoned Fortran batch program developer.  The 
river analysis modeling team (developing HEC-RAS as the successor to HEC-2, HEC-6, and HEC-
UNET) focused on applications in the MS Windows environment. 
 
Taking Early Stock:  Shortly after initial prototype completion, we paused for an assessment.  We 
learned:  1) that developing GUI’s and interactive graphics were hard and substantially increased the 
development effort, 2) that working in Unix is particularly difficult, and 3) that undertaking object-
oriented design and coding was not only difficult, but required a marked change in approach to 
program design and coding.  The change needed would amount to a software development cultural 
makeover for HEC staff.  We concluded that we could make rapid progress toward a new river 
hydraulics package in the MS Windows environment but the product would not be platform portable 
(e.g. would not run on Unix workstations, or other non-MS Windows systems).  It was also clear that 
object-oriented program development was desirable but would initially be slower, and staff skills to 
effectively develop software in this the new technology would need to be developed. 
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Initial Products:  The maiden version of the river hydraulics model (named River Analysis System, 
HEC-RAS) was released in FY 1995, among other reasons, to demonstrate good faith progress to 
Corps senior managers and other interested parties.  To meet this target, HEC-RAS was fielded as a 
MS Windows application.  We decided to continue the HEC-HMS team as the lead in new software 
development concepts and operating system environments and thus targeted HMS to be the initial 
multi-platform product.  This decision resulted in HEC-HMS development lagging HEC-RAS by 
more than a year.  HEC-HMS development continued on its path resulting in fielding the maiden 
Version 1.0 release in October 1997.  In response to other corporate priorities, we needed to 
accelerate development of the flood damage analysis software (HEC-FDA) because of a critical 
requirement to support the newly adopted Corps policy of applying risk analysis in flood studies.  
The HEC-FDA team leveraged off work by the HEC-HMS and HEC-RAS teams to field the maiden 
release Version 1.0 in October 1997.  Subsequent updates and new releases of these packages have 
occurred up to the present.   
 
Merging NexGen With CWMS Modernization:  Beginning in 1997, an intensive, six-year project 
was initiated to modernize the Corps Water Management System (CWMS).  CWMS is the data 
acquisition, management, and decision support system serving the Corps of Engineers Civil Works 
Water Resources Management mission of operating more than 700 water control structures 
throughout the nation.  In early 1997, the NexGen and CWMS modernization projects were merged 
to form a single, coordinated, centrally managed software modernization and integration project 
encompassing all HEC software and real-time data management activities. 
 

HEC SOFTWARE DEVELOPMENT PRINCIPLES 
 
Software Target Users:  HEC software is designed to provide the computation needs of Corps field 
offices in their execution of the Corps Civil Works Water Resources program.  Hydrologic 
engineering analysis is needed for planning investigations for the full suite of water management 
settings and purposes; for design studies for river management and a variety of hydraulic structures; 
for water management plan development and real-time project monitoring and operation; and for 
regulatory and permitting actions.  Special efforts are made to engage the profession in scoping and 
testing software by inviting input from professionals around the world.  Generally, software is 
designed to incorporate ever-increasing ability to use new data sources, better represent hydrologic 
and hydraulic processes, and adapt to improved computation and user environments. 
 
Proprietary Vs Public Domain:  As noted, HEC software is designed to meet the computation 
needs of Corps field offices in their execution of the Corps Civil Works Water Resources program.  
HEC software is developed at Federal expense.  Our approach at HEC to serving Corps and the 
public interest with taxpayer funds is to also make the software available to the public for their use.  
The issue of proprietary Vs public domain is a legal question involving intellectual property 
ownership.  The short story is, if software is developed with public (Federal) resources, it is public 
property and is considered to be public domain; a Federal agency may not declare otherwise.  The 
term ‘resources’ is the key, and here it means with Federal staff resources, not funds.  Software 
developed by non-Federal entities under contract with Federal funds can be viewed as the 
intellectual property of the developer and may be protected by copyright by the developer.  While 
most HEC software has some components that are commercial products, and other components that 
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are contractor developed code (some programs have more, some programs have less), we consider 
all HEC software to be public domain and it is managed accordingly.  The executable code is made 
publicly available simultaneously when released to Corps offices.  The source code is made publicly 
available when we judge the software to be mature, meaning no longer in the intense development 
phase.  On a case-by-case basis, we have shared new software source code with other Federal 
agencies. 
 
Object-Oriented Design and Programming:  We have strived to develop the new generation of 
HEC software as object-oriented, with greater success for some software packages than others.  We 
remained skeptical for several years as to the reality of the promised payoff, continuing to notice that 
the “Emperor had few, if any clothes” on this issue for considerable time.  Developing staff 
capability to be efficiently productive in this new and different design and coding environment 
required significant cultural change among the engineering and software support staff.  It has not 
been an easy transition.  None-the-less, we are convinced that object-oriented design and coding are 
paying off handsomely, with much reusable code among the new software.  Java is HEC’s object-
oriented coding language of choice.  That said, most of the NexGen/CWMS programs have residual 
legacy code of Fortran, some C and some C++, making it necessary to be flexible in assembling the 
code into a compiled executable.  A commercial Java code development environment is used to 
improve code development productivity. 
 
GUIs and Multi-platform:  While most HEC software use occurs on MS Windows desktop 
computers, we must deliver to Corps users, platform portable software packages.  With the exception 
of the stand-alone HEC-RAS program, NexGen project software is multi-platform.  The software 
features that for the most part relate to multi-platform are the Graphical User Interface (GUI) and 
display graphics.  The HEC-RAS compute engine is coded in Fortran, thus platform portable, but the 
GUI and graphics are written in Visual Basic, thus RAS is MS Windows dependent.  Two other 
major software packages (HEC-HMS - runoff model, and HEC-FDA - flood damage model) were 
developed using a multi-platform development environment that with the emergence of the Java 
language, has now become commercially non-viable.  The GUIs for these programs are being 
replaced.  At the same time, we are also replacing the graphics with a new graphics library written in 
Java that will ensure that the graphics element of HEC programs is multi-platform.  The newest of 
the NexGen programs, HEC-ResSim - reservoir simulation analysis - planned successor to HEC-5, 
has been designed to be fully object-oriented, and coded in Java.  ResSim, like other HEC software, 
makes use of a few legacy Fortran library routines.  The CWMS system mentioned above is client-
server architecture software wherein the server (which hosts the data base and executes the forecast 
and decision support models) is Sun Solaris (Sun, 2000), and the client platform (for the Control and 
Visualization Interface) is MS Windows 2000.  Thus the platform portability of the HEC software is 
necessary.  A Java-based special GUI for HEC-RAS was developed for its integrated use in the Sun-
based CWMS implementation. 
 
 
GIS Vs Model Centric Software Design:  We view HEC software as engineering tools and not 
Geographic Information Systems (GIS) applications - hence we are in the ‘model-centric’ as 
contrasted to the ‘GIS centric’ camp.  GIS information is important, and in some instances, critical, 
to high quality hydrologic engineering and planning analysis model applications.  We provide a map 
background display for most of the HEC software user interfaces to provide geographic context, but 
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the backgrounds are generally passive images.  Most of the software is, however, geospatial enabled, 
so that real-world coordinates are honored by the software and may be used as appropriate.  While 
not required in general, geospatial referencing is necessary for a number of capabilities, such as 
flood plain inundation mapping and flood plain structures inventory.  Our approach to incorporating 
the needed GIS capability is to develop GIS-based utility software packages (we refer to these 
packages as ‘geo-utilities’) that use readily available commercial GIS software and public and 
private data sources.  GIS software package ‘extensions’ are written that extract, analyze, and tailor 
the GIS data to the information and format needs of HEC software.  HEC software development 
benefited from a several-years-duration Cooperative Research and Development Agreement 
(CRADA) with Environmental Systems Research Institute, Redlands, CA, the developer/vendor of 
ArcInfo and ArcView GIS software.  The CRADA yielded geo-utility extensions for HEC software 
that include:  HEC-GeoRAS - a utility for cross section extraction, inundation mapping, and 
hydraulic parameter derivation; and HEC-GeoHMS - a utility for watershed delineation and 
parameter development, and grid runoff model data development.  Another geo-utility, being 
developed in-house at HEC, is HEC-GeoFDA - a utility for flood damage function development and 
analysis.  These utilities take the form of ‘extensions’ for the ESRI ArcView software package 
(ESRI, 1998).  The ‘extensions’ are distributed as public domain products.  HEC has assisted other 
GIS vendors in their development of similar geo-utilities for HEC software, particularly GIS utilities 
that support HEC-RAS. 
 
Software Packages Integration:  Integration here is taken to be the ability to make combined use of 
a number of hydrologic and other models for analysis without requiring undue intervention by the 
user, in-effect enabling seamless executions of analysis scenarios.  This is, of course, the practical 
need for most studies today.  The NexGen project has addressed this on two fronts:  by using the 
HEC-DSS time series and paired data system for managing model data in all stand alone HEC 
software; and by developing an integrated system of data acquisition, data management, and real-
time forecast and decision support modeling coined the ‘Corps Water Management System’, 
CWMS.  The CWMS initial development was concluded in July 2001, with Corps-wide deployment 
now ongoing to be completed in December 2002.  A watershed version adapted for period-of-record 
simulation analysis of study alternatives is under development.  The HEC-DSS system has data 
import and export capabilities that enable integration with other parties’ software, and the CWMS 
uses a well structured Oracle database (Oracle, 1998), also enabling import/export of data for model 
sharing and integration.  CWMS is script enabled to permit custom automating and scheduling of 
functions and executions.  Scripting in HEC software will be expanded in future version. 
 

 MAJOR HEC SOFTWARE PACKAGES 
 
River Analysis System (HEC-RAS):  When completed, the HEC-RAS software package will 
include one-dimensional steady-flow, unsteady-flow, and sediment transport capabilities.  It will 
thus be successor to HEC-2, HEC-6, and UNET (USACE, 2000).  The program uses common 
geometry for all analyses, and hydraulic properties are computed by the same routines.  Version 1.0 
implemented the steady-flow model.  Version 2.0 extended capabilities to include Federal Highway 
Administration methods for bridge flow and bridge scour, channel modification template, in-line 
weirs and gated structures, and GIS linkages for geometry data and inundation mapping.  Version 
3.0 incorporated unsteady flow routing.  HEC-RAS computes sub- and supercritical profiles, 
locating critical depth and hydraulic jumps as appropriate.  The analysis for bridges has been 
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improved and hydraulics of junctions added.  The program is used through a GUI where data entry, 
editing, graphics, and computations are performed in an interactive environment.  Because many 
thousands of HEC-2 format data sets exist, and large numbers of flood plains have been delineated 
with HEC-2, special care has been taken to permit importing existing data sets, and to reconcile 
HEC-RAS results with profiles computed with HEC-2.  A large number of identical data sets have 
been run with HEC-2 and HEC-RAS to check differences and to provide the basis for satisfactory 
reconciliation.  A GIS utility, HEC-GeoRAS - an extension to ArcView (ESRI, 2000), has been 
developed under the CRADA with ESRI.  HEC-GeoRAS facilitates cutting digital cross sections 
from Digital Terrain Models (DTMs) for import to HEC-RAS, and computing inundation maps from 
imported HEC-RAS profiles. 
 
Computations routines are coded in Fortran 90 and the GUI is coded in Visual Basic (Microsoft, 
1998).  HEC-RAS is designed to run on MS Windows 95, 98 NT, 2000, and XP taking advantage of 
features available in the MS Windows environment.  Graphics are performed by calls to the MS 
Windows GDI (Microsoft Inc., 2000) so run-time licensing is not an issue.  Version 3.1, the newest 
release, includes mixed flow regime for unsteady flow; dam break analysis; levee overtopping and 
breaching; pump stations; encroachments for unsteady flow; and navigation dams.  Because the 
compute engine of HEC-RAS is a component of the modernized CWMS, a limited-scope GUI has 
been written in Java to accomplish the port to the Sun Solaris (Unix) computer platform, the 
dedicated hardware component for CWMS.  The Control and Visualization Interface of CWMS 
(described later) will handle tabular and graphic displays for HEC-RAS generated results. 
 
Hydrologic Modeling System (HEC-HMS):  The HEC-HMS program, when completed, will 
include single event and continuous record analysis capabilities in a spatially distributed 
computation context.  It is the successor to HEC-1, HEC-1C (continuous), HEC-1F (forecasting), 
and several other limited scope programs.  The several modes of analysis use common time-series 
data and basin modeling routines.  Besides existing HEC-1 capabilities of a variety of loss rate, 
runoff transform and routing capabilities, notable technical additions include accepting raster-spatial 
precipitation and associated runoff transform (such capability is needed for analysis with NEXRAD 
radar output, and output from atmospheric models); soil moisture accounting for runoff estimation; 
and ready acceptance of GIS generated watershed boundaries, streams, and computation parameters. 
 Significant innovations on the user side include interactive point and click, drag and drop model 
construction, interactive editing, results visualization and animation, and improved data 
management. 
 
Version 1.1 implemented a basic continuous simulation capability along with existing single event 
model capabilities and a basic spatial precipitation-runoff analysis capability.  Version 2.0 
implemented an expanded continuous soil moisture accounting loss method, expanded gridded 
precipitation application for all loss methods, added parameters for optimization/calibration, and 
improved input, output, and user control.  The current release version is 2.1.3.  The next major 
release version will include snowmelt, improved reservoir representation including interior ponding 
and flooding features, dam failure simulation capability, a number of lesser improvements, and a 
replacement user interface.  A GIS utility, HEC-GeoHMS - and extension to ArcView (ESRI, 2000), 
has been developed under the CRADA with ESRI.  HEC-GeoHMS develops watershed subbasin and 
associated model parameters from DTMs and provides for results to be imported by HEC-HMS. 
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The path for HEC-HMS development has been an arduous if not an interesting and enlightening one. 
 A prototype of a limited feature capability was built the first year to explore and test object-oriented 
concepts.  After proof-of-concept, a functioning object-oriented prototype was built over the next 
two years.  We learned enough by then to then re-code the prototype and commence Beta version 
construction - this over the next couple of years.  Many issues of graphics, GUI, and other software 
engineering topics were explored along the way.  There were a number of false starts, and some 
backtracking at times.  To ensure that the first version would be a meaningful technical advance over 
HEC-1, we commenced research on spatial precipitation processing and associated runoff model 
architecture, and that was included in the first release.  The GUI and display graphics are now being 
replaced in-house coded Java routines.  The HMS team is taking advantage of the need to replace the 
user interface to implement recent research findings related to human-computer interactions. 
 
Flood Damage Analysis (HEC-FDA):  The HEC-FDA program integrates hydrologic and 
hydraulic functions with flood damage potential data and facilitates the evaluation of flood damage 
reduction plans using expected annual damage.  In the near future, it will include the capabilities of 
event-based analysis by seamlessly integrating the Flood Impact Analysis (HEC-FIA) program into 
the FDA program.  The history of HEC-FDA extends back into the 1970’s when it was labeled as a 
package of separate Fortran programs that were run in a batch mode on mainframe computers.  In 
the 1990’s, a new software package was written to include all of the existing capabilities as well as 
the addition of risk analysis.  Its architecture is object-oriented and, for the most part, is written in 
C++ although some important code is written in Fortran.  It utilizes commercial software to handle 
standard xBASE formatted relational database files, and to produce a platform independent graphical 
user interface.  Currently, a new program is being written in Java and will contain all the features of 
the current program, the integration of HEC-FIA (already written in Java), and significant new 
capabilities using geographical information system (GIS) data.  Target release is calendar year 2003. 
 
HEC-FDA facilitates economic analysis.  The user assembles a structure inventory of buildings and 
stores them in the database.  The inventory includes such parameters as the first floor elevation, 
structure value, content value, and depth-damage functions.  Water surface profiles, computed 
outside of FDA, are imported into the FDA database.  Stage-damage aggregation computation 
routines interpolate the water surface profiles and determine an elevation-damage function for each 
structure.  The functions are aggregated together at an index location by damage category.  In the 
new program, structures may also be located by their geographical coordinates and GIS inundation 
layers may be used to aggregate damage in place of water surface profiles.  Associated GIS displays 
will allow the user to spatially visualize and edit input data and visualize output results. Probability 
functions (either flow or stage) can be retrieved from the water surface profiles or directly entered by 
the user.  Expected annual damage is computed by integrating a damage-probability function that is 
derived from the discharge or stage-probability function, the stage-discharge function, and the stage-
aggregated damage function.  Using risk analysis, expected annual damage is computed using 
Monte-Carlo simulation.  Performance parameters are computed and include the expected annual 
exceedance, the long-term risk (what’s the probability that the levee will be overtopped in the next 
30 years?), and the conditional non-exceedance probability (e.g. for the 1% chance exceedance 
probability flood, what is the probability that a levee will not be overtopped). 
 
HEC-FIA is an integral part of CWMS.  It performs an event analysis (both historic as well as real-
time) and facilitates the calculation of impacts associated with an event.  The results are both 
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economic (e.g. the predicted damage for a given flood), as well as action related (e.g., based on the 
current forecast, stop logs must be installed at some location).  Annually, it helps districts calculate 
and allocate the benefit of the Corps’ projects to the nation based upon flood damage averted during 
the previous year.  When released, the new FDA will seamlessly share data between planning studies 
and water management actions and provide displays of input and output results using the latest in 
GIS technology. 
 
Reservoir System Software (HEC-ResSim, et al):  Reservoir system modeling is progressing on 
three fronts:  a new simulation package (HEC-ResSim), optimization on a monthly time interval for 
water management (HEC-ResPrm), and optimization on a short interval for flood operations (HEC-
FloodOpt).  ResSim Version 1.0 development was primarily driven by the requirements defined for 
Corps water control.  It is a modeling component of CWMS, along with HEC-HMS for flow- and 
HEC-RAS for stage forecasting and HEC-FIA for flow-impact analysis.  ResSim is based on an 
object-oriented representation of the physical system of reservoirs, diversions, and stream-channel 
routing.  The model network is defined through a GUI drawing and linking model elements on a 
stream alignment.  Reservoir storage accounts for gains and losses from seepage, leakage, and 
evaporation.  Stream channel routing is performed by hydrologic methods.  Diversions can be made 
from channel nodes, with subsequent channel routing, losses, and partial return of flow to the 
downstream system.  Operational data are separately managed, allowing the user to select the 
operational rule-set for each reservoir.  Reservoir operations are centered on basic guide curve 
operations.  The rule set includes minimum and maximum flow limits at the reservoir or at a down 
stream control point; release as a function of flow, pool elevation, or external variable; rate of 
change limits of pool elevation or release; release for power production based on a scheduled energy 
requirement; and emergency operations.  The outlet allows individual release elements to be defined 
and operated and includes a ‘diverted outlet’ which allow the reservoir to operate ‘diversions’ from 
the pool in concert with its standard outlets. 
 
The development of HEC-ResSim also includes the use of the physical system model and GUI to 
define the reservoir system for the Prescriptive Reservoir Model (HEC-Prm) and the Flood Control 
Linear Program (HEC-FloodOpt).  HEC-Prm provides a linear-program (LP) solution for the 
allocation of water in time and space using average-monthly flow and value-functions (penalty) for 
reservoir storage and channel flow links.  Applications have typically used economic penalty 
functions that can be aggregated for multiple-purpose operations, however, value functions have also 
been developed based on relative preferences.  FloodOpt is a similar program formulated to provide 
reservoir operation analysis for short time-intervals that include channel routing effects.  Presently, 
both programs are operational as separate programs with a version of the HEC-ResSim GUI and 
physical system model.  However, future plans include model integration into a multi-functional 
analysis model that will provide simulation and optimization based on a common representation of 
the physical reservoir system.  HEC-ResSim is targeted for initial release as a stand-alone program 
late in summer 2002. 
 
Corps Water Management System (CWMS):  The U.S. Army Corps of Engineers operates more 
than 700 storage reservoir and lock and dam structures.  The water management mission of the 
Corps is to regulate river flow with these projects to provide national benefits in accordance with 
authorized purposes.  CWMS (Davis, 2002) is the information system that provides reservoir and 
river system status, flow, and forecast and decision support modeling needed to accomplish the 
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water management mission.  CWMS is a dedicated, distributed AIS managed and used by district, 
division, and HQUSACE staff in performing the Corps water management function, and by staff of 
cooperating Federal, state, and local agencies for accessing and sharing water management-related 
information.  Figure 1 illustrates the basic components of CWMS and their relationship to each 
other. 
 
 

Data 
Acquisition  

 Data 
Dissemination 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 1.  CWMS Data Flow and Simplified Schematic 
 
Data Acquisition.  This component receives and processes incoming real-time hydrometeorologic 
data, transforms and validates data, and prepares data for the database.  Data sources include 
national data feeds, dedicated local systems, and information provided via interagency connections; 
totaling several hundred thousand individual data items each day. 
 
Database.  This component provides for insertion, storage and retrieval of CWMS data in the Oracle 
relational database system, and provides model data management.  Data is stored in Oracle in SI 
units with UTC time stamps.  Data may be retrieved and viewed in either English or SI units, and for 
any local time zone.  For forecasting and decision support analysis, data is extracted and placed in 
HEC-DSS working files for model access and interim storage. 
 
Data Dissemination.  This component retrieves data from the database, delivers data, text and 
graphic products to other system users, primarily via Web technology.  Separate Web servers are 
maintained for in-house Corps management use and for public access. 
 
Forecasting and Decision Support Modeling:  This component is comprised of several models that 
perform the decision support analysis of forecasting future storm runoff, simulating project operation 
scenarios, and computing impacts.  HEC-HMS performs the storm runoff forecasting, HEC-ResSim 
performs the reservoir operation simulation, HEC-RAS computes stage from flow, HEC-FIA 
performs flow impact analysis; and GIS-Arc/Info and ArcView computes and displays flood 

Data 
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inundation and other spatial data.  The architecture for model integration enables other models to be 
substituted for the HEC models, or other models added, and execution will continue to be seamless 
for forecast and decision support analysis. 
 
Control and Visualization Interface (CAVI):  This component enables users to perform CWMS 
command and control functions, provides for status and results visualization, and supports system 
administration and management.  The CWMS components are integrated into a software suite that is 
an active system performing tasks automatically from scripted scenarios as well as based on user 
interaction.  A messaging system communicates status information and processing instructions 
between the CAVI and the other components.  Alarm conditions are generated, monitored and 
managed.  The system is self-monitoring, actively informing users and administrators of system 
component status and actions needed to maintain continuous service.  The system is in continuous 
24/7/365 operation. 
 
CWMS is a client-server system, with the Sun Solaris platform on the server side and with Sun 
Solaris and MS Windows 2000 on the CAVI client side.  The system is installed and customized to 
each district, division, or other office needs, but each installation contains the same system 
components and software.  Initial development was completed in July 2001 at which time authority 
was granted for Corps wide deployment.  Deployment began in August 2001 and is proceeding 
systematically region-by-region across the US to be completed in December 2002.  
 

CONCLUSIONS 
 

The HEC software modernization project is successfully developing successor generation 
software packages for the U.S. Army Corps of Engineers that are also being made available as public 
domain software to the United States and international water resources communities.  Technical 
capabilities have been substantially upgraded to support the profession’s current state-of-the-art 
needs.  Concepts of object-oriented software design and development offer significant potential 
benefit in software development, improvement, and maintenance.  Adherence to published hardware 
and software standards where available, and de facto standards otherwise, is critical to software 
platform portability.  Migrating HEC software development from a batch Fortran culture to that of a 
multi-platform, object-oriented, GUI-based culture was certainly difficult, but the effort is now 
paying off and expected to provide even more substantial dividends in the long run.  Despite being a 
small engineering organization, we believe we are delivering a software suite that is state-of-the art 
in engineering algorithms and software industry technology. 
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APPLICATION OF HEC-6 MODEL TO EVALUATE 
THE POTENTIAL EFFECTS OF ECOSYSTEM RESTORATION PROJECTS 

 
By Nani G. Bhowmik, Ph.D., P.E., Principal Scientist Emeritus,Watershed Science Section, 
Illinois State Water Survey, Champaign, Illinois; Christina Tsai, Ph.D., Assistant Professor, 

Dept. of Civil, Structural & Environmental Engineering, State University of New York, 
Buffalo, New York; Mike Demissie, Ph.D., P.E., Head, Watershed Science Section,  

Illinois State Water Survey, Champaign, Illinois 
 

Abstract:    The HEC-6 model is useful for evaluating the long-term changes in stream 
sedimentation patterns using flow hydrographs, sediment transport characteristics, including 
sediment rating curves, and data on bed material characteristics.  This modeling work also can be 
used to determine changes in river morphometry due to implementation of in-stream 
management alternatives.  This paper presents modeling results for the Kankakee River basin in 
Illinois and Indiana. 
 
The HEC-6 model was selected to test the potential changes in the bed profile of the Kankakee 
River.  The model was calibrated and verified for two separate Water Years.  It also was run for 
a period of 20 years for which stream geometry data between 1981 and 1999 were available.  
Results of the model verification runs were very good.  The model is being tested to determine 
future changes in bed profiles with and without any implementable projects. 
 

INTRODUCTION 
 
The Kankakee River flows westward from Indiana into Illinois.  The headwaters are near South 
Bend, Indiana, and the mouth is at the confluence of the Kankakee River with the Des Plaines 
River where those two rivers join to become the Illinois River. 
 
Of the 5,165 square miles in the Kankakee River drainage basin, (Figure 1) 2,169 miles are in 
Illinois and 2,996 miles are in Indiana.  The Kankakee River has a total length of about 150 
miles, including 59 miles in Illinois.  Almost the entire main channel of the Kankakee River in 
Indiana was channelized by drainage improvement work that began in the late nineteenth century 
and essentially was completed by 1918.  Today, that essentially human-made channel in Indiana 
extends straight for many miles between small bends.  All natural meanders were bypassed, 
although many remain as oxbox lakes or marsh areas. 
 
The Illinois portion of the river contains a small side channel dam at Momence, a larger dam at 
Kankakee, and an overflow dam at Wilmington, but most of the river remains a naturally 
meandering stream.  The Iroquois River, a major tributary to the Kankakee River, joins the 
Kankakee River just below Aroma Park.  Most of the Iroquois River drainage basin lies in 
Indiana.  Singleton Ditch, a channelized tributary in Indiana, joins the Kankakee River just above 
Illiana Heights in Illinois. 
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Figure 1.  Drainage basin of the Kankakee River in Illinois and Indiana 
 
Before channelization, much of the drainage area of the Kankakee River in Indiana was wetland 
swamps and marshes called the “Kankakee/Grand Marsh.”  The Grand Marsh encompasses 
approximately 400,000 acres from 3 to 5 miles in width and with a water depth of 1 to 4 feet for 
eight or nine months of the year (Bhowmik et al., 1980).  The marshplain is only about 85 miles 
long, but the river course is about 250 miles long, with an average slope of 5 to 6 inches per 
mile.  The nature of the marsh caused the Kankakee River to alter its course continuously, 
resulting in the formation of a variety of meanders, oxbow lakes, sloughs, and bayous.   
 
In Illinois, especially in Kankakee County, the river continues to be a scenic, cultural, and 
recreational resource.  The reach between the state line and Singleton Ditch is a naturally 
meandering stream with a sandy bottom, that traverses an area of timber and the relatively 
undisturbed Momence Wetlands. 
 
The reach between the mouth of Singleton Ditch and Aroma Park also is a natural stream that 
traverses alternating bedrock and sandy bottom.  Between Aroma Park and the city of Kankakee, 
construction of the Kankakee Dam formed the deepwater Six-Mile Pool (actually 4.7 miles 
long). These deeper waters have long been used for water supply and recreational boating.  Fine 
homes have been built adjacent the to the river.     
 
Although river basin management practices differ significantly between Illinois and Indiana, 
some important geological differences occur near the state line.  Wetlands, a result of continental 
glaciation, occur mainly on the Indiana side of the state line except for the small area east of 
Momence.  Where glacial deposits are thin or absent, areas of bedrock outcrops occur mainly on 
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the Illinois side of the line.  These bedrock outcrops in Kankakee County have long been an 
important factor in the hydraulic control of the river. 
 

MODEL SELECTION AND OBJECTIVES 
 
The main objective of this project was to calibrate, validate, and apply the Hydrologic 
Engineering Center HEC-6 model to the main stem of the Kankakee River from the Shelby 
gaging station in Indiana (Figure 1) through the Kankakee Dam in Illinois.  This model was 
selected because of its applicability to a river system such as the Kankakee River, which 
essentially flows on a sandbed except at the few locations where bedrock outcrop is present.  
After initial calibration and verification, the model was used to estimate future potential changes 
in bed profiles without any remedial projects. 
 
HEC-6 Model Background:  The one-dimensional continuous simulation HEC-6 model uses a 
sequence of steady flows to represent discharge hydrographs.  It was designed to simulate and 
predict changes in river profiles resulting from scour and/or deposition of sand, silt, and clay 
over moderate time periods.  Model simulations incorporate flow hydraulics, sediment transport, 
channel roughness, and related changes in boundary geometry.   
 
Use of HEC-6 modeling includes two sequential steps (USACOE, 1993):  fixed bed simulation 
and movable bed evaluation.  
 
Fixed bed simulation is similar to HEC-2 hydraulic simulation also developed by the HEC.  In 
this phase of simulation, the HEC-6 performs the hydraulic computation, which includes 
determination of the water surface profiles and flow velocities at each cross section along the 
study reach.  Water surface profiles are calculated from downstream to upstream using the 
backwater standard step method to solve the one-dimensional energy equation (USACOE, 1993).  
 
The second step in the modeling simulation uses the hydraulic parameters determined in the 
previous hydraulic computation to simulate the movable bed quantification, i.e., to determine 
sedimentation and scour on the river.  The program computes the inflow sediment load, thalweg 
profiles, gradation of material in the active layer, and transport capacity for each cross section 
using empirical transport equations incorporated into the model. 
 
The model accounts for the inflow sediment load and bed sediment sources and deposition.  It 
calculates the outflow sediment load for the study reach and then modifies the volume of bed 
material to reflect scour or deposition.  Sediment transport, scour, or deposition computations are 
carried out from upstream to downstream for a sequence of discretized hydrographs for given 
boundary conditions.  Other input data include river geometry, fluid and sediment properties, 
gradation of sediment particles, and total depth of sediment that could be scoured.  Various 
transport theories can be applied to compute and estimate the scour, deposition, and sediment 
movement characteristics. 
 
The model’s hydrology component requires the availability and use of water discharge 
hydrographs, stage-discharge rating curves, and temperature and duration of inflows.  The model 
cannot simulate the development of meanders, lateral distribution of sediments, or bedforms.  
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However, the HEC-6 model does provide a useful technique to estimate sediment deposition 
volume and location, degradation of streambed below a dam, long-term trends in scour and 
deposition, influence of dredging and scour during floods. 
 

MODEL APPLICATION FOR THE KANKAKEE RIVER 
 
The actual model application for the main stem of the Kankakee River from the Kankakee Dam 
to the Stateline Bridge (Figure 1) used the inflow hydrograph for the Shelby gaging station in 
Indiana, the outflow hydrograph for the Kankakee Dam, and inflow hydrographs for the Iroquois 
River and Singleton Ditch.  The outflow hydrograph for the dam was assumed to be proportional 
to the drainage areas between the dam and the Wilmington gaging station.  Bhowmik and 
Demissie (2001) provides further information on flows and the historical river cross-sectional 
data used in the present investigation. 
 
Suspended sediment data were collected by the U.S. Geological Survey and the Illinois State 
Water Survey.  Rating curves for the suspended sediments were developed based on analyses of 
those data given in Bhowmik et al. (1980).  Bhowmik et al. (1980) and Bhowmik and Demissie 
(2001) collected and analyzed a tremendous amount of bed and bank material samples also used 
in the present investigation. 
 

HYDRAULIC SIMULATION 
 
The hydraulic simulation used discretized discharge hydrographs for the Kankakee Dam, the 
Iroquois River mouth, and the Shelby and Momence gaging stations.  Water Years 1996, 1999, 
and 1998 were selected for calibration purposes and for the fixed bed modeling exercise.  The 
rating curve developed by Adams and Bonini (1986) for the Kankakee Dam was used as the 
downstream boundary condition. 
 
The main stem of the river was subdivided into two segments for calibration purposes:  
Kankakee Dam to Momence (Segment 1) and Momence to Shelby (Segment 2).  Segment 1 was 
calibrated with the observed hydrographs at Momence, and Segment 2 was calibrated with the 
observed hydrographs at Shelby.  Manning’s roughness values were adjusted in the calibration 
process depending upon the stages and whether or not overbank areas were flooded.  The 
concept is similar to the one outlined by Bhowmik and Stall (1979) and Bhowmik and  
Demissie (1982). 
 
The hydrodynamic component was calibrated for three gaging stations. Results from the 
Momence gaging station (Figure 2) for Water Year 1999 show a good correlation between 
measured and computed stages.  Similar results also were obtained for the other two gaging 
stations, Shelby in Indiana and Iroquois River at Iroqouis. 
 
The calibrated model was then used to verify annual hydrographs for the same gaging stations, 
but for a different water year.  One such verification run for the Momence gaging station for 
Water Year 1998 (Figure 3) shows good results for the entire water year, which covers the high, 
medium and low flows.  Similar results also were obtained for the other two gaging stations. 
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Figure 2. Computed and observed stage hydrograph for the Kankakee River at Momence,  

Illinois, Water Year 1999 (calibration for fixed-bed modeling) 
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Figure 3. Computed and observed stage hydrograph for the Kankakee River at Momence,  

Illinois, Water Year 1998 (verification for fixed-bed modeling) 
 

 5



The next phase of this modeling work was to simulate the movable bed of the main stem of the 
Kankakee River for a certain period of time.  Fortunately, extensive river cross-sectional data are 
available from the Kankakee Dam through the Stateline Bridge on the main stem of the 
Kankakee River from 1959 through 1999.  The only complete dataset for this reach of the river is 
for 1999.  Data collected in 1980 cover the Six-Mile Pool area and the Momence Wetland. 
However, data collected in 1977 and 1978 essentially fill the gap from the Six-Mile Pool area to 
Momence, Illinois and were combined with the 1980 data to provide at a complete set of river 
cross-sectional data and designated here as the 1980 data.   
 
Running the movable bed segment of the model for the 1980-1999 period requires development 
and use of average hydrographs for all major gaging stations for this period.  This component of 
the work was completed by averaging daily discharges for each water year (1980-1999), and thus 
obtaining a composite daily discharge hydrograph for each gaging station.  This composite 
hydrograph was used to simulate changes in the 1980-1999 thalweg profiles for comparison with 
the same predicted profile measured in 1999. 
 
The simulation used at least two or three movable bed sediment transport relationships described 
in Tofalleti (1966), Ackers and White (1973), and Meyer-Peter Müller (1948).  Figures 4-6 
compare the thalweg profiles simulated in 1999 from 1980 data with those measured in 1999 by 
the three different relationships.  Examination of these figures indicates that any of these three 
methods can simulate the changes in movable bed on the main stem of the Kankakee River.  All 
three methods also predict the changes in bed elevations quite well. 
 

FUTURE PREDICTIONS 
 
An analysis was performed to estimate the changes in the bed profile with time if the hydrologic 
conditions do not change.  In this simulation, it was assumed that the average annual hydrograph 
computed based on the individual yearly hydrographs between 1981 and 1999 will not change 
over the next 5, 10, 15, or 20 years. These predictions are being evaluated in connection with 
potential and implementable projects to manage sediment loads on the Kankakee River. 
 

REMARKS 
 
This paper summarizes an ongoing research project on the erosion and sedimentation predictions 
of the Kankakee River in Illinois and Indiana.  Even though some bed, bank material, and flow 
data are available from the Indiana portion of the river, most of the major data sources are from 
Illinois, including extensive river geometry data from 1959 through 1999.  All data were used to 
calibrate and verify the hydrodynamic and movable bed component of the HEC-6 model 
developed by the Hydrologic Engineering Center of the U.S. Army Corps of Engineers.  The 
model is being used to predict future changes in bed profiles of the river, including the impacts 
of potential construction projects. 
 

ACKNOWLEDGMENTS 
 
The present research was partially supported by a grant from the Illinois Department of Natural 
Resources (IDNR) with Debbie Bruce as the Project Director.  Jim Mick, IDNR, was 

 6



 

560

570

580

590

600

610

620

630

640

32 37 42 47 52 57

River Mile

Th
al

w
eg

 e
le

va
tio

n 
[ft

]
Measured (1999)
Toffaleti (new)

Six Mile Pool Aroma Park to Singleton Ditch Momence Wetland

 
Figure 4. Computed and observed thalweg elevation of the Kankakee River  

from the Kankakee Dam to Shelby, Indiana, by Toffaleti’s method  
(calibration for movable bed simulation, 1981-1999) 
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Figure 5. Computed and observed thalweg elevation of the Kankakee River  
from the Kankakee Dam to Shelby, Indiana, by Acker and White’s method  

(calibration for movable bed simulation,1981-1999) 
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Figure 6. Computed and observed thalweg elevation of the Kankakee River  

from the Kankakee Dam to Shelby, Indiana, by Meyer-Peter and Müller’s method  
(calibration for movable bed simulation,1981-1999) 
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IN THE NATIONAL WEATHER SERVICE WEATHER FORECAST OFFICES
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AWIPS Software Group Leader

Hydrology Laboratory, Office of Hydrologic Development
 National Weather Service, National Oceanic and Atmospheric Administration

Silver Spring, MD

INTRODUCTION

In 1996, the National Weather Service (NWS) delivered the first set of Advanced Weather
Interactive Processing System (AWIPS) workstations to a limited number of NWS field offices. 
The software provided with this limited-function release included the Weather Forecast Office
(WFO) Hydrologic Forecast System (WHFS), which performs operations in support of the
Hydrology program at WFOs (Roe, 1998).  Since then, AWIPS has been deployed at all NWS
WFOs and the WHFS functionality has grown dramatically, with new functionality added with
each AWIPS software release.

The software and its associated relational database have been expanded to address operations
outside the traditional domain of the WFO Hydrology program, and now shares the same
database structure and provides support for selected operations at the River Forecast Centers
(RFCs).  The WHFS now encompasses the full range of hydrologic activities, from ingesting,
decoding, and posting data, to performing quality control and event monitoring of the data, to
providing tabular and graphical data visualization tools, to basic hydrologic modeling
capabilities, to generating and issuing products to external customers.

With the national implementation of the WHFS, the need for field support led to the
establishment of a dedicated operational support team.  The support team, the development team,
and a requirements and management team all work together to support the current and future 
demands of this mission-critical system.   This paper describes the current status of the WHFS, in
terms of field implementation and support operations, and future activities for the WHFS.

CURRENT CAPABILITIES

The WHFS is a coordinated set of software applications which perform operation-critical
functions for the NWS hydrology program.   A graphical overview of the WHFS software
applications is given in Figure 1. The following subsections describe the functional areas of the
WHFS, and list which application(s) shown in Figure 1 addresses the area.  The functional areas
are described in a front-to-back order, where the front-end is the data ingest and storage, the
“middle” is the data processing and analysis, and the back-end is the creation and distribution of
data products to external destinations.
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Figure 1.     Summary of WHFS Applications

Interactive
Applications:

Data Ingest: As an operational system, the WHFS is constantly ingesting, decoding, and storing
data from a high-volume input data stream.  These data include real-time hydrometeorological
information  for station locations, such as a river gage station, or for areas, such as gridded
precipitation fields.  The hydrometeorological data ingested by the WHFS is received in different
formats and from different sources.  Most of the “point” data are in the Standard
Hydrometeorological Exchange Format (SHEF) (NWS, 1998).  The SHEFdecode application
decodes and posts the data into the relational database which is at the heart of the WHFS (Office
of Hydrologic Development, 2000c).

Another data format supported by the WHFS ingest processes is the METAR format, which is
used to encode NWS Automated Surface Observation Systems (ASOS) surface observations. 
These data are decoded and converted into SHEF by the Metar-to-SHEF application, thereby
allowing METAR data to be easily posted into the WHFS database. Additionally, gridded
estimates of precipitation from WSR-88D radars are ingested, decoded, and stored by the
DPAdecode application.  These Digital Precipitation Array (DPA) binary products are used as the
primary source of areal precipitation estimates.

All data ingested by the WHFS are received via AWIPS communications mechanisms, primarily
the Satellite Broadcast Network (SBN) or the Wide Area Network (WAN).  In addition, radar
products are received through a special dedicated link to nearby radars connected to the local
AWIPS installation.  Offices also receive data from local sources via the Local Data Acquisition
and Dissemination (LDAD) system which has a dedicated connection to the local AWIPS
installation.  Regardless of their source, any SHEF, METAR, and radar products can be processed
by the WHFS by simply placing the relevant encoded data files in designated file directories. 
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Data Management:  Essentially all data in the WHFS are stored in a single relational database
known as the Integrated Hydrologic Forecast System (IHFS) Database (Glaudemans, 2002).  Each
application function directly queries or updates the database as necessary so that all functions are
accessing the same, single copy of the data.   The IHFS database contains these major categories
of data: operational observations and forecasts for stations; operational radar and precipitation
analysis grids; reference data for stations, areas and polygons; and application and database
control parameters.

All applications in the WHFS access and depend on the IHFS database.  Furthermore, many
locally-developed applications exist independent of the formal WHFS software and query the
IHFS database. By using published descriptions of the database structure, these local applications
have taken advantage of the completeness of the IHFS database design, which accommodates all
hydrometeorological data within the SHEF definition.

The interactive HydroBase database management application is the primary interface for
management of the reference data and control parameters.  The reference data are the data sets that
define the stations, areas, and their static attributes.  The application control parameters dictate
how the operational data sets are processed.  Scheduled runs of the DatabasePurge and FilePurge
applications purge old data from the relational database and log files, respectively.

The operational data for stations and areas, such as counties or basins, are stored with a full set of
associated attributes which follow the SHEF data model.  Specifically, for every value, the
following SHEF attributes are stored: the station identifier, the time of the observation/forecast,
the physical element (e.g. temperature or river stage), the duration (usually instantaneous, but non-
zero for elements such as precipitation), the type (e.g. observed or forecast), the source, the
extremum (i.e. whether it’s a minimum or maximum), an external qualifier code, and a revision
indicator code (i.e. whether the value has been revised). For forecast data, additional attributes
indicate the time of the forecast, and any associated probability for the forecast value.  Other non-
SHEF attributes associated with each value include the quality code indicator, the time the value
was posted, and the time and identifier of the data product that contained the value.

Quality Control:  The WHFS applications test the quality of the data value and store the results
in the bit-encoded quality code attribute (Office of Hydrologic Development, 2000a).  Every data
value in the IHFS database has an associated quality control code.  The initial value of the quality
code is based on the data qualifier code defined externally via the SHEF encoding of the value. 
Often, the SHEF data qualifier is not used, in which case the initial quality code attribute for the
value is set to “good”.

The WHFS employs a three-tier strategy, in which the quality of a value is defined as either Good,
Questionable, or Bad.  As their names imply, Bad indicates that the data value is known with
certainty to be invalid, and Questionable indicates that the value has failed at least one test that
raises suspicions about the validity of the value, but is not known with certainty to be Bad.  If a
quality code value indicates Good, then the value is either truly “good”, or it has not been



4

identified as being Questionable or Bad by failing either an internal test or being identified by
external sources as being “bad”.  Incoming data are tested and if the data fails the quality test, the
quality code is set accordingly.  The user can control whether this Bad data is commingled with
the regular data, or is directed to a table for storing rejected data (i.e. a “trash can”).

Because of the bit-encoded nature of the attribute, the results of up to 20 tests can be stored in a
compact manner and their results can be easily tracked.  As data are ingested, the WHFS
SHEFdecode application checks each value against pre-defined thresholds to determine whether
the value is within gross limits (e.g. daily precipitation between 0-40 inches), or is within
reasonable limits (e.g. daily precipitation between 0-5 inches).  If a value is outside the gross or
reasonable range, the quality code is set to indicate that it failed the test and the value is
considered Bad or Questionable, respectively.  The WHFS Rate-of-Change-Checker application
provides a regularly-scheduled rate-of-change check that compares the numerical difference
between two instantaneous values, separated by a known time duration, against a pre-defined
threshold.  If the threshold is exceeded, then the quality code is set to indicate the value is
Questionable.  Other checks can be easily added, either as a local application developed using the
published knowledge of the quality code infrastructure, or as a nationally provided application. 

As the WHFS applications access data, they can be instructed to access (or ignore) the data based
on the quality level within which the value lies or on the results of specific tests.  The WHFS
applications provide comprehensive tools for the user to review and redistribute the data based on
its quality.  These tools can move data between the “regular” data tables and the Rejected data
table.  Specific interfaces exist within the HydroView and TimeSeries applications to review all
data in detail; these interfaces allow the user to filter data so as to view only Questionable or Bad
data, to view only Rejected Data, etc..  Upon review, the user can delete or edit the offending data
using graphical or tabular-based tools.  Any modified data are marked in the database as being
manually edited, which by the rules of the WHFS quality control model, is assumed to indicate a
Good value.

Alert/Alarm Monitoring:  The WHFS applications monitor the operational data to check for
conditions which indicate possible alert or alarm states in the environmental conditions being
measured and reported.  For each physical element, duration, and  type-source, and if desired, for
each specific station, the user can define a threshold value for alerts, and a threshold value for
alarms.  These two levels can be specified for different alert/alarm tests.  The first test is
performed as data are ingested by the SHEFdecode application and compares a value to alert and
alarm thresholds.  This is very useful for checking if a river stage has risen above a certain level. 
The second test runs as part of the regularly-scheduled Rate-of-Change-Checker application to
compare the rate-of-change between successive values and determine if the thresholds are
exceeded.  A fast-rising river stage, which may still be below the threshold(s) for exceeding a
value, can be detected in this manner by checking if the rate-of-change exceeds the threshold(s)
for the rate-of-change.

When an alert or alarm condition is detected, the data value in question is written to a dedicated
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database table. The alerted/alarmed data can be viewed by the user via the HydroView
application, which also allows the value in question to be viewed in the context of the full time-
series of data for the station and physical element.  Furthermore, the ReportAlarm application is
scheduled to run regularly and check this table for entries that meet user-adjustable criteria, and
creates a report summarizing the alerts and/or alarms.  These criteria allow local control over the
filter by which to report the information.  For example, it can report only new alert/alarms, only
recent alert/alarms, only observed alert/alarms, all alarms, etc.  Each local office specifies how to
dispense of the generated report.  The process can be easily configured to interact with the AWIPS
text product alert/alarm processes, which notify the user by visual or audible methods, or the
process can take other actions as configured by the user.

Precipitation Data Processing:  The WHFS processes many different types of physical element
data, including data outside the traditional domain of hydrometeorology, such as Pressure and
Wind data.  One of the core data sets that are processed by the WHFS is precipitation data, which
because of their importance and unique nature, have a special set of operations dedicated to their
processing.  Precipitation data are unusual because of their non-instantaneous duration - whereas
most data are instantaneous (e.g. temperature or river level), precipitation must always have a
duration (e.g. 24-hour) associated with it.  Complicating this is the fact that most precipitation is
reported as an instantaneous value, using an incremental counter approach, which must be
converted to some known-duration accumulation, and the fact that accumulated values are not
always for the same duration at which the user wishes to analyze the data.  An example of this is
hourly precipitation reports which the user wishes to see as 6-hour or 12-hour amounts.

Within the HydroView application, there is an interface which allows the user to display
converted and time-distributed precipitation data to any ending time or duration.  This same
feature is used by the RiverPro application to express these values in external products.  Lastly,
this feature is the sole purpose of the Stage 2 Pre-Processing application.  The Stage 2 application
then uses these data to create a grid of hourly gage-based values using objective analysis
techniques.  Stage 2 also processes the on-the-hour DPA products, which contain hourly gridded
precipitation radar estimates, and merges the data with the just-mentioned gage-based grids to
produce a gage-radar grid, which is intended to represent the best gridded estimate of precipitation
fields.   The Stage 2 Pre-Processing and Stage 2 programs are scheduled to run twice an hour in
sequence.

The HydroView application provides the tools to view the gage-based and gage-radar
precipitation grids for a single hour or for multiple hours.  In addition to these Stage 2 grids,
HydroView displays the DPA products, as either hourly or multi-hourly accumulations.  The
gridded data can be displayed as grids, or they can be use to compute average values for
hydrologic basins, counties, or NWS forecast zones and then displayed.

Data Viewing and Analysis:  The primary WHFS applications for viewing hydrologic data are
the HydroView application, which focuses on the geographic display of data, and the TimeSeries
application, which presents the data for a given station as a graphical or tabular time series.  The
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TimeSeries application can be executed separately from HydroView, or can be invoked by
HydroView for the station currently being reviewed, thereby providing a powerful, fast way to
view the data in synoptic form and, as needed, as a detailed time series.

The HydroView application provides information to the user in the geographic display which
contains annotated data, or in the numerous windows which can be displayed via the HydroView
menu options.  The geographic display allows the user to overlay displays of rivers, basins, zones,
counties, cities, and highways, and to zoom and pan the displayed data.  Operational data overlays
are available and are categorized as either point, areal, or gridded data displays.

Point data for any station observations can be overlaid on the geographic display.  This  includes
the primary hydrometeorological elements such as river stage, precipitation, snow, and
temperature, and many   Furthermore, forecast data for river stage and discharge can be annotated
on the map.  The stations can be filtered according to their “source”, thereby allowing data from
different data networks to be analyzed.  For each station, an icon can be used to denote its
location; for river stations, the icon is color-coded corresponding to their relation to action and
flood levels.  This feature allows the user to quickly determine those stations which are near or
exceeding flood stage.  Furthermore, special controls for displaying the precipitation data are
available.  The geographic data being displayed can be viewed in a tabular fashion, thereby
providing a synoptic report tool.

Areal data consisting of Flash Flood Guidance (FFG) and Mean Areal Precipitation (MAP)
amounts can be displayed for counties, zones, and basins.  The MAP data can be derived from the
DPA (a.k.a. Stage 1) product, the Stage II gage-only grid, and the Stage II gage-radar grid (Shedd,
1993).  These data sets can also be displayed in gridded form.  Comparisons between the FFG and
MAP precipitation data are performed as part of the Area-Wide component of the HydroView
program, which allows the user to monitor precipitation events which may result in flash flooding.

HydroView can display information for the currently selected station in graphical and tabular
form.  A parameter-time plot of any of the operational data for the station is available to allow
detailed time-series review of the observed and forecast data for a station.  The same information
can be viewed in tabular form. For both forms, data can be edited, deleted, or inserted.

Other displays, independent of the geographical or time-series displays, are available in
HydroView. For a given station, various displays of reference data are provided.  Specifically, for
river stations, a river staff gage display, a flood impact listing, a rating curve, and a history of
floods for the station can be displayed.   For the entire set of stations, a listing of data sources, and
a listing of contacts associated with the station can be displayed.  Operational data interfaces in
HydroView include two methods for viewing the profile of a river, which shows the river levels
along a river reach in a graphical fashion.  A listing of the reporting status of every station, which
includes all the latest observations, and a listing of all the hydrologic text products in the database,
are provided to monitor the data values and products.  As mentioned earlier, HydroView includes
interfaces for viewing the precipitation data, the alert and alarm data, the Questionable/Bad data,
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and the Rejected data.

Hydrologic Modeling:  The WHFS includes a hydrologic model for providing quantitative
forecasts of river conditions for headwater basins (Erb, 2002).  This modeling system generates a
time-series of forecast stage and discharge for small, fast-response basins which will supplement
the RFC forecasts for the RFC-modeled basins, or provide forecast information for basins which
are not currently modeled.  This model uses precipitation data as the primary input, and using the
RFC-provided FFG to represent initial soil moisture conditions and various geomorphologic
properties of the basin, determines the runoff from the precipitation.  This runoff will then be
converted to stream discharge using a unit hydrograph transformation, and then the river stage
will be determined from the stream rating curve. The resulting data are stored in the database and
can be used by other WHFS applications, such as the RiverPro product formatter which will
include the data in generated public products.

The WHFS contains the results of a catalog of dambreak scenarios.  The Dam Catalog feature is
available in both the HydroView and HydroBase applications and allows the user to query and
update a large set of data that includes static reference data and forecast failure scenario data for
dams across the United States.  The failure scenario data has been computed using reference data
from the catalog regarding the physical characteristics of the dam and reservoir.  This data was
used by a specialized version of the NWS Simplified Dam Break Model.

Report Generation:  A set of WHFS operations allow the user to generate reports for single
stations or all stations in the database.  These reports can be viewed, printed, or saved to a text file
for future reference.  The text report function available in the HydroBase and HydroView
application produces a River Station report in either the Form E-19 or Form E19-A, and a
Cooperative Station report Form B-44A.  Multiple-station text reports include a Station List
report, a Station Classification report, and a Service Backup report.  While these text reports
contain generally static data, there are other reports containing operational data.  The Flood Event
report is similar to the NWS Form E-3, using flood report data identified by the daily runs of the
FloodSequencer application.

The TimeSeries application produces a detailed list of time series data in a Time Series Table
report.  The HydroView application produces a Synoptic Data report via its point control function,
and a Station Precipitation report via the point precipitation interface.  Lastly, the RiverPro
product generation application can be configured to generate reports of operational data by
creating products for internal use only and saving the products as a text file.

Product Generation:  RiverPro is an automated formatter for the hydrometeorological products
(Office of Hydrologic Development, 2000b).  Initially, it was designed for generating the
following products: River Statement, Flood Statement, and Flood Warning.  However, as new
application features have been added, and new data have been made available in the database, it
can now create other hydrologic products and products outside the hydrology program.
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RiverPro can create routine products according to pre-defined instructions or event-specific
products using pre-defined instructions which can be interactively adjusted as necessary. It can
create products in a completely automated fashion by using a combination of these pre-defined
instructions and the current hydrometeorological conditions.  The format and wording of the
products are controlled by a set of template files which can be configured to meet each office’s
needs.

RiverPro adheres to NWS policy regarding the content of the product.  This includes the ability to
create products in a conventional “product-section” form, a “segmented” form, or a form suitable
for voice presentation.  The voice-ready products are distributed on co-located or neighboring
NOAA Weather Radio (NWR) transmission towers.  All dissemination of the products is
performed using standard AWIPS communications protocols and mechanisms.

RiverPro, like other WHFS applications, recognizes the assigned responsibilities for each data
station, where each station is assigned a responsible office, and for service backup purposes, each
station has a primary backup office and a secondary backup office.  In the rare event that an office
is unable to operate due to a power outage or system malfunction, RiverPro can generate products
for the neighboring offices.  

Another WHFS product generation function is the TimeSeries application, which can format
SHEF-encoded data products.  This feature allows existing data, either as-is or corrected for
quality-control purposes, and locally-entered data to be packaged into a text product and
transmitted to other NWS destinations.

FUTURE CAPABILITIES

Since its initial deployment in 1996, the WHFS and its associated IHFS database have steadily
evolved to include major new functional components which cover most of the components for the
national requirements of the WFO Hydrology Program.  Development of new applications and
enhancement of existing applications is still ongoing and will be for some time, as requirements
change and new methodologies become available.

Some of the changes planned for the WHFS are replacement of the Stage 2 Precipitation
Processing operations with the Multi-Sensor Precipitation Estimator (MPE).  The MPE supports
the mosaicking of data from multiple radars, and improves accuracy by utilizing climatological
normal precipitation to adjust precipitation and by using a bias correction algorithm.  The MPE
will provide, for the first time, a user interface for adjusting these gridded estimates of
precipitation.

The Site-Specific headwater model will make use of the new MPE grids.  Significant
improvements are also expected for this hydrologic model, not just its user interface but possibly
in the incorporation of new rainfall-runoff models.  The Dam Catalog and its associated interfaces
and operations are planned for a major overhaul, with more informative graphical displays, and
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with the new ability to re-run the hydraulic model for estimating the dam break flows under
different scenarios.  More quality control checks are planned, including a spatial consistency
check for comparing values from two stations for the same time.  The infrastructure underlying
the data storage is being examined for modifications, particularly with respect to using the
Gridded Binary (GRIB) and Network Common Data Form (netCDF) data formats that are widely
used in the AWIPS data infrastructure.  

The RiverPro product formatter will be enhanced to use the Valid Time Event Coding (VTEC)
feature.  New features will be added to the formatter to further enhance its ability to create even
more product types, and to use any data in any portion of the product.

OPERATIONAL SUPPORT

The WHFS is a complex, large-scale operational system that operates 24 hours of every day at
over 120 WFOs and 13 RFCs.  The success of a system of this magnitude depends on a dedicated
support operation to provide technical assistance and systems support.   In recognition of this
specific need, the NWS has in place a four-person team that provides 24-hour phone support desk
for the WHFS and its associated system environment.  In addition to the support team which
focuses on WHFS issues, the NWS maintains a 24-hour support desk as part of the AWIPS
Network Control Facility (NCF) operations.  The NCF team focuses on the system aspects of the
AWIPS systems.

In addition to phone support, the WHFS Field Support Group maintains a comprehensive web
page (http://www.nws.noaa.gov/oh/hod_whfs/)  to provide formal documentation on all aspects of
the WHFS.  This web page includes User’s Manuals, Reference Manuals, System Manuals,
Release Notes, What’s New documents, What’s Wrong documents, customization instructions,
installation instructions, tutorials, etc.  The Field Support Group works with the NWS Training
Center to conduct residence training courses, and tele-training, in addition to attending NWS
Regional meetings and other relevant forums to make presentations on the WHFS activities. 

The requirements of the WHFS are continually evolving in order to meet the needs of NWS
customers, which include both the NWS offices themselves and the general public served by the
offices.  The WHFS Development Group and the Field Support Group work together with NWS
field and regional offices to identify and prioritize the requirements. This allows for the proper
planning of additions and changes to the WHFS to ensure that it continues to meet the needs of
the NWS Hydrology program.

SUMMARY

The WHFS system provides the NWS hydrology program with a comprehensive set of
applications for performing its mission.  At the center of the WHFS is the IHFS relational
database which contains essentially all the data.  The integrated applications provide data ingest
for the operational data, and data management functions control the entire system.  Quality control
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and alert/alarm monitoring operations are performed as the data are ingested and at regular
intervals.  Because of its importance and unique nature, the precipitation data are processed in a
special manner.  Numerous interfaces are available for the analysis and display of the data, in
geographic, tabular, and time-series form.  Hydrologic model operations allow for the generation
of local hydrologic forecasts, which can then be used along with other available observed and
forecast data by the automated product formatting capability for issuance of public hydrologic and
other products. 

A dedicated support operation provides the critical operational support of the system, and
provides the necessary training for proper field use.  The WHFS operates within the AWIPS
system in a complementary fashion, making use of AWIPS data ingest and data dissemination
operations.  The WHFS provides the required national-level functionality for the WFO hydrology
program and for the critical infrastructure for the RFC hydrology program.  New requirements and
requests for enhanced functionality are being addressed through ongoing development activities to
ensure that the WHFS continues to be the comprehensive, centerpiece tool in the NWS hydrology
program..  
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THE NWS AND SITE SPECIFIC MODELING 

 
The National Weather Service (NWS) is investigating options for developing capabilities for 
Weather Forecast Offices (WFO) to perform hydrologic simulations for areas linked to 
hydrologic conditions maintained at River Forecast Centers (RFC).  The NWS WFO's need a 
tool that will enable them to produce hydrologic forecasts for basins with short lead times.  In 
this case, short means basins with response times less than the time that would be required for an 
RFC to produce a forecast.  This tool has the following requirements: 
 
• The tool should be robust. 
• The tool should not require a lot of user interaction. 
• It should not require the user to be a hydrologic forecaster. 
• The tool should be simple, but flexible enough to handle a wide range of hydrologic 

conditions that occur in small basins with response times less than a day.  For example, it 
should include the ability to model snowmelt, rainfall/runoff, and the effect of small 
impoundments. 

• The tool should be consistent with the modeling approach used at the RFC, so that 
information from the RFC concerning hydrologic conditions of the area can be used to ensure 
proper operation of the WFO tool. 

• The tool should allow for easy updating of rating curves. 
• The tool should allow for changes to the data network. 
• The tool should allow the input of Quantitative Precipitation Forecasts (QPF) and 

temperature forecasts. 
 
One system under consideration is the RiverTrak system installed recently at the Reno WFO for 
watersheds in Washoe County, Nevada. 
 

RIVERTRAK AS A SITE SPECIFIC MODEL 
 
RiverTrak is a flood forecasting tool that runs on a personal computer in conjunction with an 
existing data collection system.  RiverTrak is integrated with a supporting database called 
RiversideDB, which manages system configuration data, input, and results. 
 
RiverTrak simulates the hydrologic response of a watershed as a function of available real-time 
observed data.  These data may include precipitation, streamflow, snow cover, reservoir 
elevations, and other data.  Streamflow forecasts are generated at user-defined locations in a 
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watershed called forecast points.  The system operates continuously, generating streamflow 
forecasts at 1-minute to 24-hour intervals with forecast windows ranging from a few hours up to 
a year into the future.  The continuous forecast information is presented in dynamic graphical 
and tabular displays, which are automatically updated after every system execution. 
 
In order to generate the forecasts, a RiverTrak system is constructed from models and operations, 
which when put together construct a system specific to the basin of interest.  Among the 
operations supported are a number of well known hydrologic/hydraulic models, including several 
used by the NWS RFC’s.  These models are physically based, conceptual models that are 
designed to produce continuous streamflow forecast information in a variety of hydrologic 
conditions.  The hydrologic/ hydraulic models and operations available include: 
 
• Diversion (divert water from the stream) 
• LagK Routing 
• Reservoir (simulates spill and fill, plus water supply withdrawals) 
• Sacramento Soil Moisture Accounting Model 
• SnowPack (snow model)  
• Unit Hydrograph (currently included in the Sacramento Soil Moisture Accounting Model) 
• HEC-RAS hydraulic model  
 
In addition to these models several time series operations are available to perform statistical 
analysis, to read and write to the database, to extend the period, and to add and subtract time 
series.  Furthermore, a number of operations are under development to expand the capability of 
the software and will be included in future releases.   
 

Figure 1.  Mean areal precipitation accumulation display. 
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The RiverTrak 
Sacramento model is 
based on the U.S. 
National Weather 
Service Sacramento 
rainfall-runoff model 
and is written in state-
space form (including 
the unit hydrograph 
model features) so that it 
can use a Kalman filter 
for updating state 
variables.  The Kalman 
filter is a mathematical 
tool that uses the 
observed streamflow to 
adjust soil moisture and 
streamflow conditions to 
produce a better 
streamflow forecast.  In 

simple terms, the error between the simulation and observed data is used to adjust the internal 
states of the model, rather than just making an adjustment to the simulation.  This allows 
RiverTrak to be run as a “hands-off” application.  If observations are available, they are used to 
correct the simulations.  If observations are not available for some period, the corrected model 
states from the previous run will help ensure a better forecast while observations are not 
available.  Calibration of the Kalman filter and Sacramento model parameters are essential to 

ensure that adjusted soil moisture 
states are reasonable and that 
long-term hydrologic forecasts 
adequately match actual runoff 
volumes and timing.  

Figure 2.  SWE Editor for the Washoe County Installation 

 
Additional features that add to the 
flexibility and robustness of the 
RiverTrak system are simple data 
editing and viewing tools, the 
rating curve editor, the snow 
water equivalent (SWE) editor, 
the export capabilities, and the 
compatibility with several 
datafeeds.  Input data are 
automatically read from the data 
collection system but also can be 
entered, viewed (in tables and 
graphs), and edited manually. 
Figure 1 shows the computed Figure 3.  Rating curve editor of RiverTrak 
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mean areal precipitation (MAP) for various accumulation increments for the Washoe County 
installation.  Figure 2 shows the SWE editor for the Washoe County installation.  The  SWE 
editor allows the user to update SWE values in the SnowPack model based on Snotel 
observations.  Figure 3 shows the rating curve editor of RiverTrak.  Observed and forecasted 
data can be exported in various formats, including HTML files and JPEG graphics.  The 
datafeeds currently supported include systems from DIAD, SUTRON, and Campbell Scientific, 
as well as the NWS Standard Hydrologic Exchange Format (SHEF).   
 
In March 2001 Riverside Technology, inc. (RTi) installed RiverTrak at the WFO in Reno, 
Nevada.  In this implementation RiverTrak uses real-time precipitation, temperature, and 
streamflow observations gathered by the WFO from various sources to automatically produce 
real-time streamflow forecasts in 10 minute intervals.  Four forecast points are defined in the 
Reno area: the Truckee River near Truckee, Galena Creek at Galena Creek State Park, Steamboat 
Creek at Steamboat, and the North Truckee Drainage at Spanish Springs Road.  Models 
employed include the NWS Snowpack and Sacramento Soil Moisture Accounting (SAC-SMA) 
models, as well as diversion and reservoir operations.  Figure 4 shows the region and the basins 
of interest. 
 

C A N V

R e n o
S p a r k s

L a k e
T a h o e

T r u c k e e  R iv e r  @  T r u c k e e

G a le n a  C r e e k S te a m b o a t C r e e k

N o r th  T r u c k e e  D r a in a g e

Figure 4.  Region and Basins of Interest 

The simulated basins vary greatly in their climate conditions – from arid desert in the North 
Truckee Drainage to steep, wet mountains in the Galena Creek and Truckee basins.  To reflect 
these differences and to produce accurate forecasts, RiverTrak was site-specifically calibrated 
using available historic data records.  To further increase accuracy, a Kalman filter was 
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incorporated to adjust the SAC-SMA model should the simulations differ from the observations.  
RiverTrak also supports the updating of computed snow water equivalent in the Snowpack 
model to observed conditions – this will simulate the complex snow conditions in the spring 
season. 
 
Observed precipitation, snow, and streamflow data play an important role in operational 
forecasting.  RiverTrak can import these data independently via the Standard Hydrologic 
Exchange Format (SHEF), however, in the Reno implementation a DIADvisor database (from 
the DIAD corporation) is used to assimilate observations from multiple sources (GOES, ALERT, 
radio).  
 
The data are automatically processed into applicable formats; e.g., stage observations are 
converted to flow using rating tables.  Since rating tables frequently change, RiverTrak supports 
editing and adding of this information as mentioned.  Raw and/or processed data should 
subsequently be quality controlled by the operator and data summaries, graphs, and tables are 
available to support this task. 
 

An important aspect 
of operational 
forecasting is the 
ability to use 
precipitation 
forecasts to produce 
streamflow outlooks.  
The NWS supplies 
the Reno WFO with 
QPF several times 
per day and the 
operator can enter the 
data into RiverTrak 
to calculate different 
forecast scenarios.  
Figure 5 shows a 
RiverTrak forecast 
plot with two 
scenarios: One 
assumes no 

precipitation in the future while the other employs an impending rain event.  Visual warnings 
will alert the forecaster should a forecast exceed user defined monitoring and flood levels. 

Figure 5.  A RiverTrak Forecast Plot with Two Scenarios 

 
RTi also worked as part of an NWS team to develop flood warning systems in Honduras and 
Guatemala in support of the NWS Hurricane Mitch Reconstruction Activities.  RiverTrak is 
being implemented in both countries to provide flood forecasts and also was used in Honduras in 
conjunction with FLDVIEW to produce flood inundation maps for the Rio Choluteca.  RiverTrak 
also currently is being implemented for the New Hampshire Department of Environmental 
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Services as part of an operational reservoir management system for the Lake Winnipesaukee 
River Basin.    
 

OUTLOOK 
 
The NWS is committed to providing the capability for short lead time hydrologic forecasts at 
WFO’s.  RiverTrak is one of several alternatives being assessed.  This powerful forecasting tool 
will continue to be tested internationally and domestically and is being considered to support 
WFO hydrologic forecasting needs nationwide. 
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Abstract:  The U.S. Army Corps of Engineers has developed a comprehensive data 
acquisition and hydrologic modeling system for real time decision support of water 
control operations.  This system, known as the “Corps Water Management System”, or 
CWMS, is currently being implemented at Corps offices through out the United States.  
CWMS retrieves precipitation, river stage, gate settings and other data from field sensors, 
and validates, transforms and stores those measurements in a database.  The 
measurements are used for calibration and adjustment of hydrologic and hydraulic 
models to reflect current conditions.  The gauged precipitation, combined with 
Quantitative Precipitation Forecasts (QPF) or other future precipitation scenarios, are 
used by the HEC-HMS hydrology model to forecast possible future river flows into and 
downstream of reservoirs.  The reservoir operations model, HEC-ResSim, uses these flow 
scenarios to provide operational decision information for the engineer.  The river 
hydraulics program, HEC-RAS, computes river stages and water surface profiles for 
these scenarios.  An inundation boundary and depth map of water in the flood plain can 
be calculated from the HEC-RAS results using ArcInfo, and viewed with CorpsView, a 
geo-spatial data viewer based on ArcView.  The economic impacts of the different flows 
are computed by HEC-FIA.  This sequence of modeling software allows engineers to 
evaluate operational decisions for reservoirs and other control structures, and view and 
compare hydraulic and economic impacts for various “what if?” scenarios.  
 

INTRODUCTION 
 
The U.S. Army Corps of Engineers has developed the “Corps Water Management 
System”, or CWMS, a comprehensive integrated system to support the informational 
needs for Corps water control decisions in its operations of over 700 reservoir and lock-
and-dam projects.  CWMS is a nationwide project that incorporates the acquisition, 
transformation, verification, storage, display, analysis and dissemination of data and 
information to carry out the water control mission of the Corps.  Typically this 
information includes hydrologic, meteorological, water quality, and project data and 
information.  The system automatically collects data continuously from thousands of 
sensors throughout the nation, as well as spatial satellite and radar imagery, and graphical 
and text products.  The project substantially upgrades the Corps’s computer and related 
hardware, its procurement and adaptation of Commercial Off-The-Shelf (COTS) 
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software, and its development and maintenance of acquisition, visualization and 
modeling software in support of this effort. 
 
Prior to CWMS, water management decisions in the Corps were supported by the “Water 
Control Data System”, or WCDS (USACE, 1995), which evolved over the period 1975 to 
1990.  The WCDS was comprised of dedicated mini-computers, data acquisition and 
communications hardware.  Although guided by Corps policy, the WCDS was not a 
centrally planned and developed system, except for computer hardware.   Some data 
processing programs were developed and fielded Corps-wide; others were developed and 
used regionally or in individual offices.  From a national view, it was an assortment of 
individual systems that were locally maintained, managed and supported.  The system 
was inconsistent in the level of performance and capacity across the Corps, and 
simulation modeling and forecasting efforts were only performed on the most highly 
developed systems in a few offices. 
 
The Mississippi flood of 1993 taxed the limits of the WCDS and became the impetus for 
development of CWMS.  In the mid 1990’s, representatives from Corps water control 
offices around the country met and defined the requirements, then later, the design of 
CWMS.  The design included using commercial and other existing software, as well as 
the development of new software.  Oracle was selected as the relational database of 
record, and HEC-DSS as the working database for model interaction.  Several existing 
programs for data decoding, translation, and validation were chosen for data processing, 
while the HEC-HMS hydrology modeling program and HEC-RAS hydraulic modeling 
program were selected for simulation programs.  A substantial amount of new software 
needed to be developed, including control and data processors, HEC-ResSim, a reservoir 
simulation and operations program, and HEC-FIA, an flow impact analysis program. 
 

DESIGN 
 
CWMS is designed using a networked client-server architecture.  The server programs, 
which run on Sun Solaris workstations, acquire, process and store data, and execute the 
simulation models.  CWMS clients, which run on Windows NT computers or Solaris 
workstations, provides system controls as well as data visualization and model interface 
functions.  This design allows a centrally located database for each office to support 
sharing of models and modeling results.  The use of PCs for clients allows users to access 
the system from their individual offices or from remote locations, such as from home, if 
their office becomes inaccessible.  The Java programming language was chosen for 
development because of its platform independence and its rich library of tools, especially 
in network functionality. 
 
CWMS is comprised of five major groups of programs, as shown schematically in Figure 
1.  The Data Acquisition (DA) group receives and processes incoming real-time data. The 
Data Base (DB) group stores and retrieves data in the Oracle relational database.  Data 
Dissemination (DD) delivers data, text and graphics products to users, primarily through 
Web technology.  The Flow-Stage Forecasting (FSF) component is comprised of several 
engineering models that perform the forecasting of future runoff and project operations 
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scenarios for decision support.  The Control and Visualization Interface, or CAVI, 
enables the user to perform CWMS command and control functions, execute models, 
visualize data, system status, and outputs. 
 

DB Interface

DD
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FSF

SHEF
Decoder

Transformer Verifer

Data
Manager
Queue

Model Working Files
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GISFIARASResSimHMS
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GIS
CorpsView
(ArcView)

 

Figure 1 - CWMS Schematic 

CWMS Interface:  The CWMS CAVI client oversees and controls the operation of the 
functional modules.  The CAVI provides the linkage between incoming data feeds, 
observed data, models, computed data, operating constraints and the user.  It includes 
mechanisms to:  evaluate the quality of incoming data; visualize information in time and 
space; facilitate primary modeling parameter adjustments; control and execute models; 
and compare the results of different modeling scenarios. 
 
The CAVI display (Figure 2) contains active icons representing gauges, computation 
points, and other locations of interest.  The icons can display time series data in a 
“thumbnail plot”, a “color bar”, or a graphic form.  By selecting one or more icons, a user 
can display two dimensional plots or tables of data represented by those icons.  The 
display can also contain vector or raster maps or images to provide a geospatial context.  
The raster layers can include animated sequences of precipitation data from NEXRAD or 
other sources. 
 
CAVI functions are grouped into modules, corresponding to different water management 
tasks.  These are the Data Acquisition Module, the Data Visualization Module, the Model 
Interface Module and the Watershed Setup Module.  Each has a specific set of commands 
that are accessed through menus, toolbars, scripts and from the context menus associated 
with the schematic elements displayed in the interface. 
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Figure 2 - CAVI Data Acquisition Module 

 
Data Acquisition:  Data is collected from field data collection platforms via GOES 
satellite, NWS AWIPS, line of sight radio, and other sources.  The data from each feed is 
parsed and transformed into engineering units, automatically validated, and stored in the 
Oracle database.  Water Control staff review the status, quality and validation results of 
the incoming data.  Quality color bar icons, as depicted in Figure 2, represent the status 
and quality of various key data sets for a user-specified time span, such as the past week.  
A quality color bar represents the variation through time of the quality of data, as 
determined by a validation program.  Graphs and tabulations of data marked questionable 
or erroneous are shown to authorized users in the “Validation Editor”, as depicted in 
Figure 3, who can edit or accept the data. 
 
Data Visualization:  The “Observed Data Visualization” module of the CAVI (Figure 4) 
is intended to allow the engineer to visually evaluate the hydro-meteorological state of a 
watershed.  The Data Visualization module background consists of an outline map of the 
watershed and NEXRAD precipitation radar images, which may be animated to show 
storm movement.  If NEXRAD data is unavailable for a particular watershed, a gridded 
interpolation of precipitation from gauge measurements can be displayed instead. 
 
In the foreground are geo-referenced icons, representing specific data at locations of 
gauges, as shown in the figure.  The icons are typically in the form of a “thumbnail plot” 
or “threshold color bar”.  A thumbnail plot is a one-inch square miniature plot of data for 
that location, while a threshold color bar represents a comparison of data values to 
threshold value over time by colors.  For example, in a threshold stage color bar, green 
may represent normal stages, yellow warning stages, and red flood stage.  Selecting an 
icon with the mouse generates a full size plot of the data. 
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Figure 3 - Data Validation Editor 

Figure 4 - CAVI Data Visualization Module 
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MODELING INTERFACE 

 
The modeling component of CWMS allows the water control manager to make short-
term (typically a few days or weeks) forecasts of hydrologic conditions in the watershed.  
CWMS provides an integrated suite of generalized modeling programs that represent 
different hydrologic aspects of the watershed.  CWMS currently includes the following 
models (listed in sequence of execution for a typical watershed): 
 

• MFP, a simple meteorological model 
• HEC-HMS, a hydrologic rainfall-runoff model 
• HEC-ResSim, a reservoir operations simulation model 
• HEC-RAS, a river hydraulics model 
• HEC-FIA, a flood impact economic analysis package.   

 
Other simulation programs can be added to the sequence, or used in place of the ones 
distributed with CWMS.  Each of these programs can run independently, but in CWMS 
they are combined to provide a comprehensive watershed forecast that can include flow 
rates, stages, operation plans, economic impacts, and actions to be taken to mitigate the 
effects of flooding.   
 
CWMS does not require the full sequence of models to be used at all installations.  The 
number and sequence of models is configurable as part of the setup for each office.  For 
example, the Corps’s Northwest division office in Portland, Oregon receives hydrologic 
flow forecasts from the National Weather Service instead of producing their own, so they 
do not run MFP or HEC-HMS in their forecasts.  The New Orleans district does not 
operate any reservoirs, and currently runs only a HEC-RAS hydraulics model of the 
lower Mississippi River through CWMS. 
  
Scenarios:  To support decision making in uncertain conditions, the user can simulate 
more than one scenario and compare their results through a single interface.  Typical 
scenarios might include several different gate-setting plans for dam operations and 
several precipitation forecasts, which will give rise to several different flow rates through 
the watershed.  The user can, for example, combine any of the dam operating plans with 
any of the precipitation forecasts to see if those plans will produce acceptable results 
under a variety of flow conditions.  This kind of complex comparison requires the ability 
to run several alternative versions of individual models, and to combine those individual 
model alternatives to build complete forecasts. 
 
Two key elements make forecasting multiple scenarios with multiple models possible: a 
common database shared by all the forecast models and a common user interface that 
allows the operator to create and adjust alternative parameter sets for each model and 
combine those individual alternatives into comprehensive forecast scenarios. 
 
Modeling Database:  The common database is HEC-DSS  (Charley, 1995), which 
contains time series data extracted from the main CWMS database when the forecast is 
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initiated.  Each model then extends the observed data into the future, building on the 
results of the preceding model in the simulation sequence.  The results of each forecast 
scenario are identified separately in the HEC-DSS database and can be compared with 
observed data for calibration, or with the results of other forecast scenarios for decision 
support.  By keeping the forecast modeling database separate from the database of record, 
CWMS models are unaffected when new data is posted to the record database.  
 

SIMULATION MODELING 
 
The CAVI’s model interface module allows the user to adjust the parameters of each 
model individually and save those adjustments for use in later forecasts.  A saved set of 
parameter adjustments is called an “alternative” for that model.  In order to run the 
models, the user must select one alternative for each model to be executed.  The 
combination of individual model alternatives into a set for execution is called a “forecast 
alternative.”  The user can run several forecast alternatives and display the results of any 
or all of them in combination to make comparisons and plan operations.  A description of 
these models follows. 
 
Meteorology:  The Meteorological Forecast Processor, or MFP, processes future 
precipitation scenarios, which can vary through both time and space, and can be derived 
from National Weather Service QPFs or by manual entry.  For manual entry, areas of the 
watershed are divided into “zones”, and the amounts and timing of future rainfall are 
entered into MFP for each zone.  Based on these inputs, MFP generates precipitation 
grids to be read by HEC-HMS for hydrologic modeling.  The amount and timing of 
future rainfall is typically varied to produce various “what if?” scenarios. 
 
Hydrology:  The Hydrologic Modeling System (HEC-HMS) computes the hydrologic 
forecasts.  HEC-HMS uses the ModClark model for rainfall/runoff transformation from 
distributed rainfall data, provided in a gridded format, such as NEXRAD precipitation 
data (Smith, 1999).  ModClark is an adaptation of the Clark conceptual runoff model for 
unit hydrographs.  In the ModClark model, a grid is superimposed on the watershed to 
form a collection of contiguous grid cells, each approximately 2 km x 2 km.  Each cell is 
assigned a travel time index, which represents the travel time from the cell to the outlet.  
Rainfall is applied to each grid cell and infiltration losses are subtracted.  The excess 
rainfall is lagged by the grid cell translation time and routed through a linear reservoir 
model.  The cell hydrographs are accumulated at the outlet and added to a base flow 
component to compute the total subbasin hydrograph.  
 
Loss and base flow parameters for groups of subbasins are adjusted to match observed 
conditions through the CAVI.  This adjustment may be accomplished through parameter 
optimization routines using observed flow, or from manual adjustment.  Where they are 
available, observed flows are substituted in the hydrographs for calculated flows.  The 
results from HEC-HMS are flow hydrographs at points in the watershed where flows are 
not controlled by dams or other structures. 
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Reservoir Simulation and Operations:  Reservoir operations are modeled for various 
runoff scenarios with the HEC-ResSim program.  HEC-ResSim uses the inflow and local 
downstream hydrographs generated from HEC-HMS, along with user-defined operating 
rules and scheduled releases, to simulate reservoir operations for the various runoff 
scenarios.  Through the CWMS interface, users can manually set release schedules to 
take precedence over the operating rules, although it will not change physical constraints 
on releases or reservoir capacities.  HEC-ResSim computes pool elevation and storage 
time series, and flow hydrographs at control structures and downstream locations.  
“Holdout” hydrographs are computed automatically for project benefit analysis. 
 
Hydraulics:  River hydraulics are computed with HEC-RAS, which will perform steady 
or unsteady flow modeling.  From the hydrographs produced by HEC-HMS or HEC-
ResSim, HEC-RAS computes water surface profiles and stage hydrographs.  When used 
in conjunction with ArcInfo through CWMS, inundation boundaries and depth maps are 
computed, and are viewed through CorpsView, an extension to ArcView. Channel 
friction factors can be adjusted through the CWMS interface. 
 
Economics and Impact:  Economic analysis and impacts are conducted by HEC-FIA, 
the “Flow Impact Analysis” program.  HEC-FIA calculates agricultural and urban 
damages and project benefits by impact area, and then accumulates them for the system.  
Project benefit accomplishments are computed as the difference between alternative 
scenarios, typically the with- and without-projects conditions.  Benefits are then 
automatically or manually allocated among the various projects.  The results are 
displayed by event, by damage category and by project for the watershed using any of the 
specified boundary data.   Output reports summarize information on damage, area, 
number of structures, and population flooded and project accomplishments for various 
alternatives.  “Action Tables” provide a list of actions to take, and when they should 
occur, based on forecasted stages. 
 
Supplemental Models:  CWMS supports other modeling programs through a mechanism 
that identifies them as “supplemental programs.”  This allows a user to insert additional 
modeling programs into the model sequence or to replace a default model with a different 
model.  For example, the CASCADE model—which was developed for unsteady-flow 
hydraulic routing between lock and dam operations on the Ohio River—replaces both 
HEC-ResSim and HEC-RAS in the CWMS implementation at the Corps’s Great Lakes 
and Ohio River division office in Cincinnati.  The Albuquerque office uses the USGS’s 
Modular Modeling System (MMS) (Leavesley, 1996) in conjunction with CADWES’s 
RiverWare (Zagona, 1998) program through HEC-DSS, to cooperate with other agencies 
in their area.  Although supplemental models can be triggered by the CAVI, the CAVI is 
not able to provide as much run-time control for as it does for the models provided with 
the system.  Installations that use supplemental models must provide a script that can 
execute the model in response to a call from the CAVI and a means for their results to be 
stored in HEC-DSS. 
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DEPLOYMENT AND BETTERMENTS 
 
The CWMS deployment to 42 Corps water control field offices began in September 
2001, and is scheduled to be completed by December 2002.   Each office requires about 
six months time for deployment activities.  Deployment begins with a training session on 
CWMS, identifying and setting up data feeds, and selecting a deployment watershed.  
Subsequently, the various models for the watershed must be built, calibrated, tested and 
integrated into CWMS.  Activation of CWMS commences with on-site training and daily 
operations of the models.  After the initial deployment, offices will continue building 
models and setting up CWMS for the remainder of the watersheds in their district. 
 
Because the initial development of CWMS has been completed, the project has entered a 
“betterments” phase.  Funds have been allocated to improve the capabilities of CWMS, 
as well as maintain it, throughout its life cycle.  Current work underway includes the 
installation of a Continuity of Operations Plan, or COOP, at the Corps’ Central 
Processing Center in Vicksburg, Mississippi, and implementation of security measures.  
The COOP site will contain a “hot backup” of all data, models and other information in 
CWMS, as well as national data feeds, so that an office can instantly switch to that 
location should their office become inaccessible.  Improvements to CWMS for next year 
include access of parameters for the recently added snowmelt algorithms in HEC-HMS 
through the CAVI, the use of advanced continuous soil moisture accounting algorithms, 
and the use of probabilistic information throughout the models.  
 

CONCLUSION 
 
CWMS provides an comprehensive integrated system for the Corps of Engineers to 
collect, analyze, and model real-time data for decision support of water control 
operations.  A full range of modeling software allow engineers to evaluate operational 
decisions for reservoirs and other control structures, and to compare the impacts of 
various “what if?” scenarios.  CWMS has been designed to allow the engineer to 
concentrate on the hydrology and alternatives of an event, instead of the computer aspects 
of processing data and running programs.  CWMS is currently being deployed to Corps 
offices across the country, and deployment is scheduled to be completed by the end of 
2002.  Maintenance and limited betterments programs are in place to maintain and 
improve CWMS throughout its life cycle. 
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Abstract:  The Hydrologic Systems Branch, within the Coastal and Hydraulics Laboratory, 
Engineering Research and Development Center, supports the US Armed Forces and other 
Federal agencies by developing, modifying and applying numerical models to predict stream 
flows, depths, groundwater flows and heads, as well as sediment and constituent movement both 
above and below the ground surface.  Historically, a divide has existed between surface water 
and groundwater modelers, each group treating the other’s domain as merely sources and sinks.  
Studies to determine water supply, assess water quality, and conduct environmental remediation 
commonly require more intimate knowledge of the movement of water between surface and sub-
surface hydrologic systems.  The Hydrologic Systems Branch, in collaboration with its university 
partners, is currently developing, testing, and applying a variety of methods to simulate 
groundwater and surface water interactions.  Different modeling approaches emphasize different 
parts of the system, with some models focusing more on groundwater and some focusing more 
on surface water.  Several solution methods are being investigated, including finite difference, 
finite volume, finite element, and adaptive finite element models.  With a variety of tools 
available, the proper model can be selected based on the particular needs of the project.  
Simulating interactions between surface and subsurface hydrologic systems often requires the 
exchange of data and results between models of disparate data types, resolutions and dimensions.  
Modeling system tools for seamlessly performing these exchanges are essential for producing 
simulation results.  As hydrologic models mature they are incorporated into the US Department 
of Defense xMS modeling systems. 
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INTRODUCTION 

 
Surface water hydrologic modelers have often ignored the contribution of groundwater to surface 
water modeling or have treated groundwater as simply a source or sink term.  Conversely, 
groundwater modelers have often treated the complex surface water hydrologic cycle as merely a 
constant recharge value, or a value that may vary seasonally.  The need to simulate the rapid 
response of systems where groundwater and surface water are closely coupled has forced the two 
communities to come together to develop unique treatments of this often poorly represented 
situation. 
 
The Hydrologic Systems Branch, within the Coastal and Hydraulics Laboratory, Engineer 
Research and Development Center (ERDC), is a group of hydraulic, environmental, and 
geotechnical engineers and mathematicians that support the US Armed Forces and other Federal 
agencies by developing, modifying and applying numerical models to make surface water and 
groundwater hydrologic predictions.  A primary interest of the group the development of 
numerical models capable of simulating the interaction between surface and groundwater 
hydrologic systems, providing a more complete and integrated picture of the overall water 
balance.  The group is dedicated to providing the best products possible and has developed long-
term relationships with university partners that have common interests.  While the Hydrologic 
Systems Branch contains many respected modelers and model developers, the breadth of the 
group, and the products produced, are greatly enhanced through these partnerships.      
 
Physical conditions, data availability and reasons for conducting modeling studies can all vary 
greatly.  Modelers need a variety of modeling approaches, or tools, from which to choose.  This 
is true of surface water hydrology, groundwater hydrology, and especially integrated surface 
water, groundwater hydrologic studies.  The most efficient model for simulating infiltration 
excess runoff may not be capable of tracking the infiltration through the unsaturated zone or 
saturated flow through a Karst topography.  Conversely, application of a three dimensional (3-
D), variably saturated, finite-element model to calculate baseflow in a stream incised in a 
homogeneous sand may be overly expensive to set up and run, and may provide no better 
predictions than a much simpler approach.  The combination of in-house and cooperative 
university talent has allowed for the development of a toolbox of various state-of-the-practice 
numerical codes capable of simulating interactions between surface and subsurface hydrologic 
systems.  Models within this toolbox employ varied numerical methodologies to solve the 
equations that describe the physical processes.  Selection of the appropriate tool for any given 
study is based on the strengths and weaknesses of each code with respect to the relative 
importance of the physical processes occurring in the study area. 
 
The variety of numerical methodologies employed in each code can present a challenge to the 
user in terms of selecting, constructing, evaluating, and comparing model simulations.  The key 
is to select a model that can adequately describe the problem at hand, without undue complexity, 
and without violating any inherent assumptions of the model.  The Department of Defense 
(DoD) Groundwater Modeling System (GMS) (Jones, 2001) and Watershed Modeling System 
(WMS) (Nelson, 2001) are designed specifically for the purpose of providing multi-dimensional 
support for constructing and evaluating structured and unstructured numerical domains within a 
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common user environment.  The numerical toolbox codes are in turn designed to be used within 
GMS/WMS.  This co-development between numerical models and model interface permits 
model construction, evaluation, and comparison between different approaches.  Direct 
comparisons of different model approaches within a single modeling environment facilitate the 
appropriate selection of a code based on the requirements of the hydrologic study. 
 

MODELING PHILOSOPHY 
 
Numerical modeling of the hydrology of natural systems requires the simplification of complex 
phenomena and interactions.  The degree of simplification determines the applicability of the 
modeling approach.  The basic philosophy is that all hydrologic systems are controlled by 
processes that can be simulated at some scale.  Any given watershed will have dominant features 
and processes that must be included in the model simulation to accurately reflect the watershed 
response to hydro-meteorological inputs.  The model selected must be capable of simulating the 
dominant processes and features in a physically meaningful way.  While all models contain some 
degree of empiricism, to the extent possible, the model should reflect the physical processes 
occurring in the watershed, and dominant processes must be explicitly accounted for in the 
model formulation.  While it is critical that the model contain the dominant processes, simpler is 
generally better.  To paraphrase Albert Einstein, the representation should be made as simple as 
possible, but not simpler.  That is, once the process is adequately described, additional 
complexity usually will not provide significantly superior solutions, but may add difficulty and 
expense to model construction, calibration, and application.  An adequate process description 
implies that observed results can be predicted within an error range deemed acceptable for the 
study requirements, and that the parameters used to produce these results fall within measured or 
accepted literature values. 
 

MODELING APPROACHES 
 
Hydrologic models come in many flavors ranging from the very simple to the very complex.  
While simple analytical models and lumped-parameter models serve useful purposes, they are 
not appropriate for assessing spatial details in watershed flow, contaminant transport, or for 
evaluating proposed changes to the landscape.  This discussion of modeling approaches begins 
with models that provide temporal and spatial detail in the hydrologic processes.  While each 
code in the numerical modeling toolbox has various options for simulating the physical processes 
that occur in surface and subsurface hydrologic systems, some common features are found in all.  
Each solves a form of the shallow water equations on the land surface and each approximates 
Richards’ (1931) equation for unsaturated flow in the subsurface.   
 
In order of increasing complexity, the models in the toolbox are: 

1. GHSSA, 
2. FEMWATER123, 
3. WASH123, 
4. ADH.  
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GSSHA:  Like it’s predecessor CASC2D, GSSHA (Gridded Surface Subsurface Hydrologic 
Analysis) (Downer, 2002) is a process-based model designed for long-term, large basin 
simulations of watershed response to hydro-meteorological inputs.  The ability to simulate both 
saturated and unsaturated sub-surface flows allows the GSSHA model to be used in watersheds 
and regions where infiltration excess runoff is not the dominant streamflow producing 
mechanism (Downer et al., 2002).  Processes which can be simulated include: precipitation 
distribution, snowfall accumulation and melting, precipitation interception, surface water 
retention, infiltration, overland runoff, erosion and deposition, channel routing of water, 
sediments and conservative contaminants, unsaturated and saturated groundwater flow, stream 
recharge/discharge to groundwater, discharge of groundwater to the surface and evapo-
transpiration. 
 
For each process there may be multiple solution techniques, e.g. infiltration calculations by 
Green and Ampt's method (Green and Ampt, 1911), or Richards' equation.  Calculations in 
GSSHA are based on finite difference and finite volume techniques.  The 1-D vertical, head-
based form of Richards' equation is used to model all water movement in the unsaturated zone 
while the 2-D lateral saturated flow equations for unconfined groundwater flow is used to 
simulate the saturated zone (Downer and Howington, 2001).  Both domains are solved using an 
implicit finite difference approach.  Employing a 1-D unsaturated solution avoids possible 
scaling issues that may arise due to the need to incorporate fine resolution near the soil surface 
(van Dam and Feddes, 2000; Downer, 2002).   
 
Compared to the models described later, GSSHA is a simplistic model that solves various forms 
of the diffusion equation in both the surface and subsurface domains.  This simplistic approach 
makes the GSSHA model very robust, and the model has been applied to a number of different 
types of watersheds, under varying conditions (for example, Downer 2002, Downer et al. 2002, 
Talbot et al. 2002).  An example of a GSSHA representation of the of a the Central Creek 
watershed in northeast Texas is shown in Figure 1. 
 
GSSHA runs very fast compared to the more computationally expensive finite element models, 
and is suitable for use with automated calibration and parameter space searching algorithms, 
such as GLUE (Beven and Brinley, 1992) or the SCE method (Duan et al., 1992, Senarath et al., 
2000).  With the aide of the WMS system, GSSHA model studies can typically be constructed 
very rapidly.  
 
As described above, GSSHA is a surface water model that accounts for the effects of the 
subsurface system on the surface water hydrology.  It is not intended to be a primary 
groundwater model, as the finite-element models described herein provide much more rigorous 
treatments of the sub-surface system.  However, as described below, it is possible to combine the 
capabilities of the surface water component of the GSSHA model to one of the model rigorous 
groundwater models to produce a loosely coupled groundwater/surface water model. 
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Figure 1 – GSSHA representation of 2-D overland flow plane and 1-D channels at Central Creek, 

located at the Longhorn Army Ammunition Plant in east Texas. 
 
FEMWATER123:   Originally developed for application to the complex 1-D canal, 2-D surface 
and 3-D subsurface hydrologic system in South Florida, FEMWATER123 is a time-lagged, 
sequentially-coupled surface-subsurface interaction code.  Maintaining full three-dimensionality 
in the unsaturated zone permits the simulation of perched aquifers, inter-formation flow (lateral 
flow in the unsaturated zone), and infiltration processes in heterogeneous systems.   
 
Overland flow is approximated with the diffusive wave approximation of the St. Venant’s 
equation (Singh, 1996), or if necessary, the full dynamic wave approximation can be used (Yeh 
et al., 1997).  The DoD has used FEMWATER123 for many years to provide simulations of the 
South Florida system (Figure 2).  In order to accurately simulate the South Florida system, 
detailed operation procedures for  South Dade County (Florida) canal system are built into the 1-
D flow module.  The operating procedures provide flood protection, clean water supply, and 
recreational facilities for the South Dade County.  Given the high degree of interaction between 
canals, overland and subsurface flows, these canal operation procedures must be included in 
order to provide operation planners with a viable tool for system-wide simulation and design. 
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The volumetric flow rates in the 1-D canal/stream module are accumulated within each 
subsurface time-step. Infiltration rates are calculated in the 2-D overland flow module based on 
the depth of water ponded on the land surface and the subsurface pressure head distribution.  The 
volumetric flow rate between the surface runoff and the 3-D subsurface media is computed each 
overland time-step and accumulated each subsurface time-step.  The accumulated fluxes are 
assigned as point sources/sinks to the subsurface module.  All three domains are discretized with 
the Galerkin finite element method using unstructured meshes. 

Figure 2 - South Dade County  (Florida) FEMWATER123 simulation with 1-D canal 
network. 

 
The lateral flow capability in the unsaturated zone has proven valuable at some sites, including 
Pueblo Chemical Depot.  At this site, a convex region in the bedrock surface causes the saturated 
thickness to become very small, and field data cannot be matched if lateral flow in the 
unsaturated zone is excluded 

WASH123D:  The numerical model WASH123D, based on FEMWATER123, extends the 
modeling capabilities of the toolbox by including sediment and chemical transport in watershed 
systems.  WASH123D includes modules for 1-D river/stream network flow, 1-D river/stream 
network transport, 2-D overland flow, 2-D overland transport, 3-D subsurface flow, and 3-D 
subsurface transport.   
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WASH123D allows overland flow to be simulated using the full dynamic equations, diffusive 
wave, or kinematic wave approximations.  The kinematic and diffusion wave models are 
numerically approximated with the Lagrangian method while the dynamic wave model is 
mathematically transformed into the characteristic wave equation, which is numerically solved 
by the Lagrangian-Eulerian method.  The surface and subsurface flow equations are discretized 
with the Galerkin finite element method.  The surface/subsurface interface boundary is treated as 
a variable boundary as described in Yeh (1987).  
 

 
 
 

Figure 3 – South Fork of the Broad River watershed with WASH123D channel network 

WASH123D has been selected for use by the United States Environmental Protection Agency 
(USEPA) for use in the total maximum daily load (TMDL) program.  The model is being applied 
at the South Fork of the Broad River in the Savannah River Basin.  Concerns at the site include 
excess sediments, nutrients and pesticides.  Contaminants originate from overland non-point 
sources but the stream receives contaminants from both the overland flow plane and from 
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subsurface flows.  The WASH123D model was selected for this study because it can track the 
movement and fate of the chemical constituents in both the surface and subsurface domains.  The 
USEPA has established a data collection system is currently collecting the data that will be used 
for model calibration and verification.  The South Fork of the Broad River watershed, with 
WASH123D representation of the channel network, is shown in Figure 3. 

ADH:  Like FEMWATER123 and WASH123, the ADH (ADaptive Hydrology) model (Schmidt 
and Roig, 1997) couples 3-D unsaturated subsurface modeling to 2-D shallow water modeling on 
the mesh surface.  The drawback of this mathematical rigor is a large computational cost.  To 
ease the computational burden of such a general approach, ADH has been designed from its 
inception to take advantage of parallel computer architectures where the computational problem 
is divided into partitions, each solved simultaneously on multiple processors. 
 
Finite elements are used to discretize the domain.  The approximation is piecewise linear in 
space and piecewise constant in time.  Groundwater flow is solved in three dimensions using 
tetrahedra.  The diffusive wave equation is approximated on triangles that comprise the surface 
of the 3-D groundwater flow mesh.  Full St. Venant routing can also be simulated.  Nodes 
located on the overland flow face are dual-valued, with an overland flow head and a groundwater 
head.  The two flow regimes communicate through boundary fluxes computed at the surface of 
the groundwater system.  
 
 

 

MMoovviinngg  WWaatteerr  TTaabbllee
 

 
Figure 4 – Example ADH mesh at Longhorn Army Ammunition Plant showing local refinement 

around the moving water table. 
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Many of the physical problems to be addressed with ADH contain moving steep spatial gradients 
in the solution variables.  Examples include a moving saturation front, intermittent wells in the 
groundwater system, a traveling wave in the surface water system, or a contamination front in 
either system.  Capturing these phenomena with a fixed-mesh model requires extremely fine 
mesh resolution throughout the domain.  Such resolution is not practical for many problems and 
is not an efficient use of resources.   To avoid these problems, ADH uses local mesh refinement 
and coarsening to capture steep gradients.  

Decoupled Approach:  On occasion, it is appropriate to simulate groundwater/surface water 
interaction using a decoupled approach.  Surface-subsurface interaction codes are developed by 
adding surface modeling capability to a subsurface water code, and vice versa.  The resulting 
codes tend to retain a computational strength advantage skewed to the side of the hydrologic 
system from which the code originated.  Although FEMWATER123 and GSSHA have the 
capability of simulating both surface and subsurface systems in a coupled fashion, the decoupled 
approach utilizes the subsurface part of FEMWATER123 and the surface part of GSSHA.  This 
approach is taken to utilize the greatest strengths of both codes: surface water computations in 
GSSHA and subsurface computations in FEMWATER123.  By combining these two codes in 
sequential fashion, this approach, while limited in its coupling, provides the user with access to 
the strongest, most thoroughly tested portions in each code.  This approach may not be 
applicable in areas with a high degree of interaction between the surface and subsurface systems, 
and is more suited to areas where the two systems interact, but the approximation of fluxes from 
one system to the other is sufficiently accurate for site-specific needs. 
 
As described by Talbot et al. (2002), this approach was successfully employed at the Longhorn 
Army Ammunitions Plant to simulate the fate of groundwater contaminants that surface in 
nearby streams. 
 

MODELING SYSTEM ENVIRONMENT 
 
The numerical models described above, as well as other surface water and groundwater models, 
are supported by the WMS and GMS interfaces.  This common graphical user interface (GUI) 
provides a common framework and environment in which to construct and evaluate models.  The 
WMS and GMS are part of the xMS environment that allows the user to bring together disparate 
forms of data, build conceptual models of the system being studied, construct models of various 
dimensionalities and methodologies (e.g., finite element or finite difference) and then directly 
compare results from each approach. 
 
Tools in the xMS environment, such as automated watershed and stream delineation, and 
grid/mesh generation, permit the user to apply the most complex models to large basins, where 
thousands, or millions, of computational nodes may be required.  Automating these tedious tasks 
allows the modeler to experiment with different mesh configurations or grid resolutions, and 
spend much more time calibrating/verifying the model, and analyzing scenarios and model 
output.  Having a common framework for model development also encourages users to try 
different models because the user need not understand all the different input formats for the 
different models, only the principles of proper model application and the mechanics of using the 
xMS system to build the model inputs.  In such an environment, multiple models can be applied 
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to the same watershed easily because many of the most tedious tasks are common to all the 
models. 
 

SUMMARY 
 
In support of the DoD, Corps of Engineers, and other Federal agencies, the Hydrologic Systems 
Branch is actively involved in the development, refinement and application of multiple 
approaches to surface water, groundwater interaction simulation.  While maintaining 
considerable in-house expertise, the group recognizes the importance and benefits of partnering 
with others on the leading edge of hydrologic model development, support, and application.  We 
believe that multiple approaches and models are needed to best address a variety of complex 
problems and situations, and that having different approaches contained in a common delivery 
mechanism encourages experimentation with different models and proper selection of the right 
model, for the right reason.  Models are selected based on the description of the processes 
contained in the models and availability of data to drive the selected modeling options. 
 
The xMS system is available free of charge to all US Army Corps of Engineer employees 
through the GMS/WMS/SMS support centers at ERDC.  Additionally, WMS and GMS are 
available to the DoD, and the USEPA.  GMS is available to the Department of Energy.  Users 
outside these agencies may obtain components of the xMS system from EMS-I.  Persons 
interested in the hydrologic models discussed in the paper should contact the GMS support 
center at ERDC (http://chl.wes.army.mil/software). 
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ABSTRACT 
It is becoming widely recognized that many problems, such as conjunctive use, land-use planning and 
wetland management require more realistic linkages between surface water and groundwater than those 
provided by the simple RIV, RCH and ET packages in MODFLOW. MIKE SHE is an outgrowth of the 
Système Hydrologique Européen (SHE) code, which was developed in the mid-1980s. Today, it is still 
one of the only physically based, fully distributed and fully integrated surface water/groundwater modeling 
codes available. Unlike almost all other ‘integrated’ models, MIKE SHE was developed as a modular 
integrated code. MIKE SHE’s coupling of overland flow and unsaturated/saturated groundwater flow 
includes all of the relevant processes for a dynamic recharge boundary. Recently added modules include 
MIKE11 (a dynamic floodplain and river model). Both researchers and consultants have applied MIKE 
SHE in hundreds of projects around the world. This paper presents an overview of the processes and 
linkages in the MIKE SHE hydrological modeling system, a brief comparison between MIKE SHE and 
other ‘integrated’ surface water/groundwater models and some of the limitations associated with 
physically based, distributed integrated modeling. 
 

INTRODUCTION 
 
Water resources and water supply are fundamental to the continued economic development in the 
western world, and indeed to human survival in much of the under developed world. The increasing, and 
competing, demands for domestic, agricultural, industrial and recreational water has made water a scarce 
natural resource in almost all regions of the world. Compounding the increasing demand are groundwater 
and surface water pollution, global warming and the need to preserve and restore aquatic ecology. 
 
The efficient management of water resources today requires input from many professionals, including 
ecologists, economists, engineers and planners. This interdisciplinary cooperation involves, among other 
things, information about many aspects of water management and potentially conflicting interests.. It is in 
this context that distributed, hydrological models should be seen as necessary tools in this process.  
 

 
THE MIKE SHE HYDROLOGICAL MODELING SYSTEM 

 
It was more than twenty-five years ago that the development of the Système Hydrologique Européen, 
SHE, was initiated (Abbott et al., 1986). MIKE SHE – an extension of the original SHE code – is today 
one of the very few commercially available codes that can be described as a physically based and fully 
distributed hydrological modeling code. Over this period, MIKE SHE has been successfully applied in 
numerous applications on both research and consultancy projects.  
 
MIKE SHE was designed and developed as a fully integrated alternative  ‘stand-alone’ surface water or 
ground water model addressing only single components of the hydrological cycle and ignoring or over-
simplifying others . The international collaboration during the initial development of the SHE code 
necessitated a modular process-based structure to the code. Each module describes one of the major 
hydrological processes in the hydrological cycle and, together, they provide a complete integrated 
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description of the land-phase of the hydrological cycle (Figure 1). Additionally, each component can be 
run separately or coupled to one or more of the other components.  
 
MIKE SHE was originally developed with the view that the level of detail should be sufficient to justify the 
claim of a physically based system. The equations used are, with few-exceptions, non-empirical and 
widely accepted to represent the physical processes in the different parts of the hydrological cycle. The 
parameters in these equations can be obtained from measurements and used in the model, so long as 
they are compatible with the scale of the model. The flow processes represented in MIKE SHE include: 
snow melt,  
 

 
Figure 1 Schematic representation of the components in MIKE SHE (Storm and Refsgaard, 1996). 

rainfall interception and evapotranspiration, overland flow and channel flow, vertical flow in the 
unsaturated zone, and groundwater flow. Naturally, these numerical processes and the coupling between 
them have been verified against analytical and semi-analytical solutions, as well as against other 
numerical codes, including MODFLOW. In MIKE SHE, each of these processes operates spatially and at 
time steps consistent with their own spatial and temporal scales. For example, daily rainfall may be 
distributed, due to topographic relief, into a few zones across a watershed. Infiltration and 
evapotranspiration will vary with vegetation, surface cover, slope, soil properties, etc. and is automatically 
calculated and distributed in the model based on the values for such parameters. Stream and river flows 
typically show the quickest response to rainfall events, whereas groundwater typically shows the slowest. 
However, in e.g. watersheds with shallow groundwater that is in full contact with local surface water, a 
fully integrated dynamic description of the surface water/groundwater interaction, with daily time steps, is 
required.  
 
UNSATURATED FLOW  
Unsaturated flow is one of the more important processes in MIKE SHE, as the unsaturated zone plays a 
central part in most model applications. The unsaturated zone is usually heterogeneous and 
characterized by cyclic fluctuations in the soil moisture as water is replenished by rainfall and removed by 
evapotranspiration or recharged to the groundwater. Infiltration may cause a rise in the water table, 
whereas upward capillary flow from the groundwater table may occur in areas with shallow groundwater 
table, fine grained soils and high evaporation rates. Unsaturated flow is primarily vertical since gravity 
plays the major role during infiltration. Therefore, unsaturated flow in MIKE SHE is only vertical, which is 
sufficient for most applications. However, this may limit the validity of the flow description in some 
situations, such as on very steep hill slopes with contrasting soil properties in the soil profile. MIKE SHE 
includes an iterative coupling procedure between the unsaturated zone and the saturated zone to 
compute the correct soil moisture and the water table dynamics in the lower part of the soil profile. 
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There are two options in MIKE SHE for calculating flow in the unsaturated zone: the Richard’s equation or 
a simplified gravity flow procedure. The full Richard’s equation requires tabular input for the moisture-
retention curve and the effective conductivity, as well as other properties for each soil type in the vertical 
profile. The simplified gravity flow procedure assumes a uniform vertical gradient in the soil column and 
the infiltration and percolation processes are described in terms of gravity flow. The gravity flow option is 
often chosen when the unsaturated zone is included mainly to provide recharge estimates for the 
saturated zone or coarse soils with little capillary potential are predominant. 
 
 
EVAPOTRANSPIRATION 
Accurate simulation of the actual evapotranspiration 
plays a key role in many water resources studies. 
Evapotranspiration is the sum of evaporation from 
soil and water surfaces and transpiration, the water 
removed by plant roots and transpired from the leafy 
parts of the plant. The spatial and temporal variation 
in the evapotranspiration rate depends on many 
factors such as water availability in the root zone 
and plant physiological factors. 
 
Actual evapotranspiration is calculated from 
potential evaporation data. The Kristensen-Jensen 
model (Kristensen and Jensen, 1975) is applied, 
where the interception storage is calculated based 
on the actual leaf area index and an interception 
capacity coefficient. The net rainfall is calculated by 
a simple water balance approach. Both methods use 
the actual soil moisture/retention conditions in the root 
zone to calculate the actual evapotranspiration loss. 
The amount of water that can be drawn out of the root zone depends on crop and soil properties. The 
interception/evapotranspiration component is an integral part of the unsaturated zone component.  

 

Figure 2 Processes and nodal 
representation in the unsaturated zone 
(Storm and Refsgaard, 1996) 

 
OVERLAND FLOW 
Overland flow is generated when the rainfall intensity exceeds the infiltration capacity of the soil or the 
groundwater table rises above ground surface. The routing of the water is computed using the two-
dimensional diffusive wave approximation of the St. Venant’s equation. The water on the surface is 
subject to Rainfall inputs, evaporation and infiltration. The solution assumes a sheet flow approximation, 
which is admittedly very crude for regional applications. Local depressions in the topography, as well as 
barriers, such as roads and levies, May cause local accumulation and storage. Detention storage restricts 
overland flow and only allows water to flow if the water level is above a specified threshold. 
 
CHANNEL FLOW 
Excess overland flow that drains to a river is added to the river as lateral inflow. MIKE SHE is coupled 
directly to DHI’s widely used MIKE 11 river hydraulic model, where floodplains and hydraulic structures 
can be included. MIKE 11 contains an implicit, finite-difference computation of unsteady flows. The 
formulations can be applied to branched and looped networks and quasi two-dimensional flow simulations 
on flood plains. The computational scheme is applicable to vertically homogeneous flow conditions 
ranging from steep river flows to tidally influenced estuaries. Both subcritical and supercritical flow can be 
described by means of a numerical scheme, which adapts according to the local flow conditions. In MIKE 
11, the complete non-linear equations of open channel flow (Saint-Venant) can be solved numerically 
between all grid points at specified time intervals for given boundary conditions. Alternatively, other more 
simplified flow descriptions can be used such as the diffusive wave, kinematic wave, or Muskingum 
routing. The flow over a wide variety of structures can also be simulated, such as broad-crested weirs, 
culverts, regulating structures, control structures, and user-defined structures. 
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SATURATED GROUNDWATER FLOW 
The groundwater component of MIKE SHE computes the transient groundwater flow and head in a 
regular three-dimensional finite-difference grid based on the given boundary conditions and the 
interaction with the other components included in the model. Groundwater flow plays a significant role in 
the hydrological cycle. During drought periods it provides and sustains stream flow via base-flow. During 
storm events it may contribute significantly to the storm flow, as well as influence the magnitude of 
overland flow due to the rising water table. Abstraction for water supply and irrigation may influence 
natural recharge and discharge and thereby change the flow regime in the watershed. In the near future, 
MIKE SHE will include an optional MODFLOW engine for the saturated zone to make it easier for users to 
migrate from MODFLOW to a fully integrated surface water/groundwater model.  
 
OTHER MODULES 
The Irrigation Module simulates a wide range of irrigation practices. Irrigation management can be 
simulated using distributed temporal crop water demand and crop yield. It includes the conjunctive use of 
surface and groundwater with the option of setting priorities. For example, if insufficient surface water is 
available in one time step the model can be set up to automatically shift to groundwater withdrawal. The 
irrigation supply may be controlled by predefined crop water demand or as a function of the actual soil 
moisture deficit in the root zone.  
 
The DAISY Module links the soil-plant-atmosphere model DAISY (Hansen et al., 1990) to MIKE SHE. 
The latest version of the model has been restructured and optimized. It now works as an open and 
flexible agro-ecosystem modeling system, well suited for agricultural related studies. DAISY can be used 
to model changes in crop yield as a function of water and nitrogen availability 
 
With the Advection/Dispersion Module solute concentrations can be calculated in overland flow, rivers, 
the unsaturated zone, and the saturated zone. In the case of integrated simulations, the migration of 
contaminants between surface water and groundwater is fully accounted for. The advection/dispersion 
equation is solved by an explicit scheme (QUICKEST). 
 
As an alternative to the full advection/dispersion formulation, solute transport can be simulated using the 
Particle Tracking Component. Particle tracking is calculated using the random walk method, where 
there is both a deterministic advective term and a deterministic/stochastic dispersive term. The dispersive 
term may be excluded, in which case the calculated flow paths correspond to the mean streamline.  
 
MIKE SHE also includes several modules for simulating for chemical reactions in groundwater. The 
Geochemical Module includes a dynamic link between the USGS’s PHREEQC program and MIKE SHE. 
The degradation description used in the Biological Degradation Module reflects both the sequential use 
of electron acceptors and a Monod/Michaelis-Menten degradation kinetics. The third element of 
biodegradation module describes which species are involved in the degradation reaction. The three 
elements of the degradation description are fully user-controlled allowing for almost any degradation 
formulation including mother-daughter systems, co-metabolism, inhibition and more. When the 
Biodegradation and the Geochemical modules are run together, virtually any kinetic reaction series can 
be simulated. In addition to these two complex reaction modules, a simpler Sorption/Degradation 
Module is also available, which can be used to calculate  

• transport of water and solutes in macropores, through which water is routed separately as gravity 
flow but with exchange with the surrounding bulk matrix. 

• sorption of solutes described by either equilibrium isotherms (Linear, Freundlich or Langmuir) or 
kinetic isotherms, which can also include hysteresis. Where preferential flow exists, it is possible 
to distribute the available sorption sites unevenly between the soil matrix and the macropore 
porosity. 

• attenuation of solutes described by first-order decay influenced by soil temperature and soil 
moisture content. The solute half-life can be specified differently in the macropores versus the soil 
matrix, since diffusion, for example of oxygen, to and from the soil matrix may be different in the 
two domains.  

• plant uptake of solutes described as passive transport along with the transpiration stream. 
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MIKE SHE GIS is a set of utilities, developed for easily converting MIKE SHE files to and from ArcView. 
Also included is the GeoEditor, which allows the user to interactively develop a three-dimensional 
geologic model of their site. With the GeoEditor, the overall geological structure may be specified in terms 
of layers and lenses by stepwise sweeping through a number of user-defined geological profiles. 
Alternatively, the geological structure can be obtained by specifying aquifer zones for a number of depth 
intervals. In both, approaches data is selected, the geology is interpreted and then the discrete values are 
interpolated into a three-dimensional geological model. The resulting geological model can be evaluated 
and modified until it is acceptable.  
 

MODFLOW AND OTHER INTEGRATED GW/SW MODELS 
 
The term ‘integrated’ is often loosely used in the literature when referring to model codes that describe 
and link two or more hydrologic processes. An ‘integrated code’ is one that couples and simultaneously 
simulates all of the relevant hydrologic processes for a model site including precipitation, overland flow, 
channel flow, flow in the unsaturated zone, and saturated groundwater flow. However, it is often the 
‘degree’ of coupling between the various processes that is the significant difference when comparing 
integrated codes with one another.  
 
Likewise, the term ‘physically based’ is also poorly defined in the literature. A true physically based code 
is often seen as one that solves the full set of partial differential equations describing flow and mass 
conservation for each of the relevant hydrologic processes. Thus, a rigorous physically based surface 
water model would solve the St. Venant equations for unsteady, non-uniform free surface flow. The St. 
Venant equations are valid over the full range of bottom slopes and are capable of simulating backwater 
effects, as well as critical and subcritical flow. For overland sheet flow, the two-dimensional diffusive wave 
approximation to the St. Venant equation is more common. In the unsaturated zone, Richard’s equation 
describes the unsteady infiltration and redistribution of water in response to evapotranspiration and 
recharge events. Likewise, the three-dimensional Boussinesq equation physically describes saturated 
groundwater flow.  
 
In this sense, MODFLOW alone cannot be considered an integrated code, since it is strictly a saturated 
groundwater code with limited ability to exchange water with surface water bodies. Additional packages 
have been developed for MODFLOW that increase its effectiveness at coupling it to surface water bodies, 
but do not turn it into an integrated code. For example, the Stream Package (Prudic, 1989) is not a true 
surface water flow model but rather an accounting program for keeping track of the water budget in the 
stream.  
 
There have been a number of recent attempts to couple MODFLOW more rigorously to surface water 
models, such as MODBRANCH (Swain and Wexler, 1996) and MODNET (Walton et al., 1999), which 
couple MODFLOW to the one-dimensional, unsteady channel flow models BRANCH and UNET 
respectively. This type of coupling may be sufficient for strict groundwater and channel flow interactions 
but ignores the important dynamic recharge and overland flow processes.  
 
The ISGW model (SDI, 1997) links MODFLOW with the USEPA’s watershed simulation model, HSPF. 
HSPF is a lumped parameter model that divides a watershed into homogeneous subbasins. Furthermore, 
unsaturated flow is not rigorously treated using Richard’s equation. More importantly, however, the 
exchange flow between HSPF and MODFLOW is weakly coupled and is lagged by one MODFLOW 
stress period. That is, both modules are run separately and at the end of the stress period the exchange 
flow is balanced and the simulation continues for the next stress period. This must be compared to other 
integrated models, including MIKE SHE, where the exchange flow is balanced during the iterations for 
each time step.  
 
Similarly, SWATMOD (Sophocleous et al., 1999) links MODFLOW with the USDA lumped parameter 
watershed model SWAT. SWAT is coupled to MODFLOW on a MODFLOW time step basis, but the 
coupling is still weak and the exchange flow is lagged by one time step. Furthermore, SWATMOD is 
incapable of modeling flood events as it was designed to simulated long-term surface water/groundwater 
interactions.  
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Kaiser-Hill (2001) recently compared commercially available, distributed parameter, integrated surface 
water/groundwater codes for the Rocky Flats Environmental Technology Site. Thus, integrated models 
that included lumped parameter surface water models, such as HSPF and SWAT, were not considered. 
Nor were models with limited application outside of the research community considered. Detailed 
comparisons were made for seven models, MIKE SHE, TOPOG-Dynamic1, PRMS2, HSPF, SWRRB3, 
SWMM4, and MODBRANCH. Of these seven models, MIKE SHE scored the highest with a score of 92% 
and MODBRANCH scored the lowest with 38%. SWMM received the second highest score of 68%.  
 
The Kaiser-Hill study showed that few codes exist that have been designed and developed from the 
beginning to fully integrate surface water and groundwater. Five of the seven codes selected for detailed 
comparisons are surface water codes with weak groundwater components. MODBRANCH and MODNET 
both include strong groundwater components but neither includes overland or unsaturated zone flow. 
ISGW, and SWATMOD both include strong groundwater components and surface water components. 
However, the surface water components are weakly coupled because the codes have been linked 
together after the development of the individual components.  
 
 

PROBLEMS AND LIMITATIONS OF INTEGRATED GW/SW MODELLING 
 
In most watershed studies, it is not possible to use a spatial resolution sufficiently detailed to claim that 
the developed models are physically based. This is not the same as claiming that the code is physically 
based. However, this is a familiar problem faced by the traditional groundwater modeler who uses 
pumping test data to determine hydraulic conductivity distributions. Thus, even though groundwater 
models are gross simplifications of real aquifers, the model results have been useful. Likewise, integrated 
models can provide numerous benefits, even if there is considerable lumping of the parameter values.  
 
There are also a number of scale issues that should be carefully considered when developing an 
integrated model, including: 
 

• The exchange flow between the subsurface and a river is defined by Darcy’s Law, where the 
gradient is calculated using the difference between the river stage and the next adjacent 
groundwater node. The applied leakage coefficients are thus scale dependent.  

• If a drainage network finer than the model grid exists, then it is not possible to model the entire 
network. In such cases, aggregated drainage response need to be accounted for to simulate the 
hydrograph response in the river correctly. 

• The hydraulic parameters used for the unsaturated zone are typically measured on small, 
undisturbed samples in a laboratory. Such samples are rarely representative of the conditions in 
a grid square, which may be 10s or 100s of meters in size. Thus, effective parameters must be 
used in the model. 

 
This last point is important because in most catchment models the use of Richard’s equation becomes 
conceptual rather than physical and a simpler method could be used. However, the Richard’s equation 
provides a good routing description and can simulate capillary rise under shallow water table conditions 
(e.g. in wetlands). 

 
Finally, it is often argued that fully integrated, fully distributed models are too data intensive and they are 
likely to be over-parameterized. This risk is certainly there, but it also exists in any typical groundwater 
model and the integrated models allow more important processes to be included.  
 

                                                 
1 CSIRO, Australia  
2 Precipitation-Runoff Modeling System (PRMS), USGS, New Version is MMS  
3 Simulator for Water Resources in Rural Basins (SWRRB), USDA Agricultural Research Services  
4 Storm Water Management Model (SWMM), USEPA  
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CONCLUSIONS 
 
MIKE SHE is one of the only distributed, physically based, fully integrated surface water/groundwater 
models available today. It is a proven modeling tool that has been used on hundreds of projects around 
the world by both consultants and researchers. In recent comparative studies of available integrated 
surface water/groundwater codes, MIKE SHE has been consistently ranked very highly. Most other codes 
tend to be weak in one or more of the important hydrologic processes, or the processes themselves are 
weakly coupled.  
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Abstract: The National Weather Service has been requested by a variety of users to provide 
hydrologic forecasts that explicitly account for the uncertainty in the forecast.  The Ensemble 
Streamflow Prediction system was constructed to quantify the uncertainty in long range 
forecasts.  It operates using the historical record of precipitation and temperature in combination 
with the current conditions to produce an ensemble of stream flow time series.  This ensemble 
can be analyzed to produce long range probabilistic forecasts of stream flow, volume, and other 
predictands.  However, in order to account for uncertainty in shorter range forecasts, a 
probabilistic quantitative precipitation forecast must be used to construct the precipitation time 
series ingested by the ESP.  Furthermore, post processing must be performed on the output 
ensemble of discharge time series in order to account for biases and errors in the hydrologic 
models or their calibrations.  This paper gives a description of the approach used to construct 
ensembles for short range probabilistic hydrologic forecasts. 
 

INTRODUCTION 
 
The National Weather Service River Forecast System: The National Weather Service River 
Forecast System (NWSRFS) is the software used by the River Forecast Centers (RFCs) to 
produce hydrologic forecasts of river stage, flow, and volume (Fread et al., 1995).  It is a 
deterministic system, meaning that the initial information available to the NWSRFS at forecast 
time is used to produce only a single forecast of the future hydrologic conditions.  To produce a 
probabilistic forecast, the NWSRFS must be run many times using different input data for each 
run.   
 
The Ensemble Streamflow Prediction System: The Ensemble Streamflow Prediction system 
(ESP) is used to construct probabilistic forecasts using the NWSRFS.  Described in Perica 
(1998), the ESP uses historical data in conjunction with the current conditions to produce a 
forecast.  The process is as follows: 
 
1. The NWSRFS is initialized to the conditions at the time the forecast is produced. 
2. Each year of the historical record is used as a precipitation and temperature scenario.   
3. This scenario is then passed to the NWSRFS as forecasts of future precipitation and 

temperature.   
4. The NWSRFS produces a single future hydrograph, or time series of hydrologic data. 
5. This process is repeated until one hydrograph is produced for each year of historical data.  
 
The set, or ensemble, of hydrographs resulting from the ESP can be used to make probabilistic 
statements about the likelihood of future hydrologic events. 
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Problem Statement: With the present system, the input used for each run of the NWSRFS is 
selected using the current conditions in conjunction with historical data and long range forecasts 
of precipitation and temperature.  At no time is the knowledge contained within a short range 
forecast of future precipitation and temperature included in the process.  Such forecasts, which 
are currently made available on a daily basis to the RFCs with a lead time of up to three days, 
may contain useful information about the future, information that should be included.  However, 
the current process will not account for such information. 
 
Furthermore, the current process does not account for uncertainty inherent in the models 
themselves and in the data used to produce the forecasts.  Uncertainty in the models may be due 
to poor calibration.  Uncertainty in the data may be due to poor or incomplete measurements.  
Whatever the source of the uncertainty, the final probabilistic forecast must account for these 
uncertainties in order to maximize its skill and informativeness. 
 
A New Approach: This paper describes an ensemble approach that accounts for both the 
uncertainty in the precipitation forecast and in the model.  The new approach applies Bayesian 
logic similar to that described in Krzysztofowicz (1999) to construct ensemble forecasts of 
precipitation and temperature from a single deterministic forecast.  These ensemble forecasts are 
used in place of the historical data for a run of the ESP.  The output from the ESP is then sent 
through an ensemble post-processor, which modifies it in order to account for model biases and 
uncertainties.  The resulting approach is built around the current components and data streams of 
the NWSRFS and requires only a one-time calibration.   
 
The following sections describe the ensemble pre-processor and ensemble post-processor, and 
provides an example to illustrate the approach.  For the remainder of this paper, it is assumed 
that the ESP is being used to produce river discharge hydrographs.  
 

ENSEMBLE PRE-PROCESSOR 
 
Overview: The ensemble pre-processor generates future precipitation and temperature scenarios 
for use as input to the ESP.  The scenarios, when taken as a whole, account for uncertainty about 
the future precipitation and temperature conditional on the available forecasts of precipitation 
and temperature.  It has a formulation, application, and calibration component, each of which is 
described below.  Only the precipitation ensemble pre-processor is discussed, as the temperature 
ensemble pre-processor is still under development. 
 
Formulation: Let X be the observed precipitation amount with realization x, and Y be the 
forecasted precipitation amount with realization y.  The goal is to compute the distribution of X 
given the forecast Y = y.  The difficulty arises from the unusual nature of precipitation.  Its 
distribution has a discrete component associated with the probability of precipitation and a 
continuous component associated with the amount that falls in the event that precipitation occurs. 
  
Marginal Distributions of Precipitation Amounts: Let fX be the density of X and fY be the 
density of Y.  In order to account for the probability associated with the observed or forecasted 
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precipitation amount being zero, density fX incorporates the Dirac delta function, ∗,  (Edwards 
and Penney, 1994) as follows: 
 

fX(x) = (1 - p0X)∗(x) + p0XfXC(x | x > 0), 
 
where p0X is the observed probability of precipitation.  Hence, the cumulative distribution 
function, FX, has the form 
 

FX(x) = 1 - p0X + p0XFXC(x | x > 0). 
 
The density fY and cdf FY have similar forms. 
 
Normal Quantile Transform: The normal quantile transform, or NQT, is a probability mapping 
of a variate into a standard normal variate (Kelly and Krzysztofowicz, 1997).  In this case,  
 

zx = Q-1(FX(x)), 
 
where Q is the standard normal cumulative distribution function.  The result is that variate Zx has 
the standard normal distribution.  This transformation is usually applied to variates whose true 
distribution can only be estimated empirically, as is the case with precipitation data, in order to 
acquire normally distributed data that can be more readily analyzed.  The inverse normal quantile 
transform is simply the inverse of the above, or    
 

x = FX
-1(Q(zx)). 

 
Applying  the inverse NQT to a variate that has been transformed via the NQT will result in the 
original variate.   
 
Bivariate Distribution of Observed and Forecasted Precipitation: Computation of the 
bivariate distribution F, with marginals FX and FY, is facilitated by computing a bivariate normal 
distribution.  To begin, variates ZX and ZY are acquired by application of the NQT, described 
above.  Next, the density Ν(zX, zY), with distribution function Μ, is modeled as bivariate normal 
with standard normal marginals and with parameter Δ, which is the Pearson’s correlation 
coefficient between ZX and ZY.  The result of this transformation is that 
 

F(x, y) =  Μ(zX, zY; Δ). 
 
Characteristics of Δ: The correlation coefficient Δ is dependent on the spatial scale of the 
forecast, the width of the time interval of the forecast, and the lead time of the forecast. Kelly 
and Krzysztofowicz (1997) have also shown that Δ is the Spearman’s rank correlation coefficient 
between X and Y in the original space, and serves as a measure of the skill of the forecaster, 
being 1 for a perfect forecast and 0 for a completely unskilled forecast.   
 
Conditional Distribution of Observed Precipitation: The conditional density fC(x | Y = y) 
characterizes the probabilistic forecast of precipitation.  Equating F with a bivariate normal 
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density allows for fC(x | Y = y) to be computed as the conditional density ΝC(zX | ZY = zY; Δ) 
which is known to be normal with mean : = ΔzY and variance Φ2 = (1 - Δ2).  This form of the 
distribution can be viewed as the climatology shifted by the information contained in the 
forecast, so that as the skill of the forecast decreases (i.e. as Δ goes to 0), the conditional density 
ΝC approaches the density of ZX, so that fC(x | Y = y) approaches the marginal density fX(x).  
 
Application: With the formulation in hand, the next step is determining how to apply this 
methodology to construct precipitation scenarios.  These scenarios, which constitute an ensemble 
of precipitation time series, will be used as input to the ESP.   
 
Constructing an Ensemble: The ensemble of precipitation amounts is constructed using the 
climatological record, where each year of data corresponds to one time series in the ensemble.  
For a given time period and for year k, the process is as follows: 
  
1. The year is ranked according to the amount of precipitation that occurred in that time 

period during that year relative to other years.  For zero events, the ranks are assigned 
randomly with none to exceed the smallest non-zero event rank.  

2. The year has a probability, pk, assigned to it based upon its rank.   
3. The year has a value for variate ZX assigned to it, which is computed as the inverse of the 

conditional distribution: zX,K =  ΜC
-1(pk | Y = y; Δ). 

4. The year has a precipitation amount assigned to it by performing the inverse NQT using 
the marginal of the observed values: xk = FX

-1(Q(zX,k)). 
 
Characteristics of this Ensemble Approach: By using the historical record to construct the 
ensemble, the spatial and temporal characteristics of the rainfall is captured.  For example, if 
precipitation over two basins is highly correlated, this characteristic will be captured in the 
climatological record, so that the time series that are constructed will also capture this 
characteristic.  Furthermore, by ranking the zeros and shifting the entire distribution the 
intermittent character of precipitation is preserved: when more rain falls, it falls on more days 
and not just in larger amounts. 
 
Calibration: This formulation requires the estimation of conditional distributions FXC and FYC, 
probabilities p0X and p0Y, and correlation coefficient Δ.  Each is computed based upon historical 
forecasted and observed data, which first passes through the smoothing process described below. 
 
Smoothed Climatology: The distributions of observed and forecasted precipitation amounts are 
noisy at the daily time step, meaning that the distribution for one day may differ greatly from the 
distribution on the next day.  This is caused by severe storms that are present in the historical 
record but lasted only a day or two, thus skewing the distribution for those days.   
 
Hence, in order to use the historical data to construct distributions FXC and FYC, the statistics 
derived from the daily data are first smoothed.  Three statistics are the objects of the smoothing 
for the observed and forecasted data:  
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• the daily probability of precipitation, or PoP (p0X and p0Y) 
• the daily average of all non-zero events (the conditional average, or CAVGX and CAVGY) 
• the daily coefficient of variation of all non-zero events (the conditional coefficient of 

variation, or CCVX and CCVY)    
 
The smoothing process is two fold.  First, the statistic for a particular day and year is computed 
using the values within a 90 day window centered on that day.  Second, the statistic is smoothed 
with a three component Fourier series.  Figure 1 provides an example of smoothed probability of 
precipitation data. 
 
Calibrated Parameters: Once the above statistics are smoothed, each of the components of the 
formulation is estimated for a particular day as follows: 
  
•  p0X and p0Y: extracted directly from the smoothed statistics. 
• FXC and FYC: computed as two parameter distributions estimated using the smoothed CAVG 

and CCV.  Currently, the Weibull or Gamma distribution is used (Evans et al., 1993).   
• Δ: computed by using the above estimates to calculate FX and FY, and then calculating ZX 

and ZY as described above, and computing their correlation coefficient. 
 
The parameters are computed off-line prior to forecast time and the process is fully automated. 
 

ENSEMBLE POST-PROCESSOR 
 
Overview: The ensemble post-processor adjusts the output time series from the ESP in order to 
account for uncertainty in the hydrologic model contained within the NWSRFS.  These 
uncertainties may be due to errors in the calibration of the model, errors in the initial conditions 
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Figure 1: Example of smoothed probability of precipitation data. 
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of the model, errors in the rating curve, or, in general, any source of error other than future 
precipitation and temperature.  The formulation, application, and calibration components are 
described below. 
 
Formulation: Let Qt be the observed discharge at time t with realization qt and St be the 
simulated discharge at time t under perfectly known future precipitation and temperature with 
realization st.  The goal is to compute the distribution of the observed discharge Qt given the 
simulated discharge, St = st.    
 
Marginal Distributions of Discharge: Let gQ be the density of Qt and gS be the density of St.  
Both densities have a lower bound and are strictly continuous, having no discrete component.  
Furthermore, the process is assumed to be stationary within a season so that the density functions 
are constant for all t within the current season.  Next, let zQ,t = Q-1(GQ(qt)) and zS,t = Q-1(GS(st)), 
so that ZQ,t is the NQT applied to Qt and ZS,t is the NQT applied to St.   
 
Regression: At time t, the information available consists of the simulated value St and the 
previous observed value Qt-1, as well as other earlier values.  After applying the NQT to get ZS,t 
and ZQ,t-1, the following auto-regression model with lag 1 is used in the Gaussian space to 
estimate ZQ,t: 
 

zQ,t = azQ,t-1 + bzS,t + γ;  γ~N(0, Φγ
2) 

 
Once again, under the assumption that the process is stationary within a season, coefficients a 
and b and residual one-step variance Φγ

2 are constant for all t within the current season.   
 
Conditional Distribution of Observed Discharge: By the nature of the NQT, its is true that 
 

P(Qt # qt | St, Qt-1) = P(ZQ,t # zQ,t | ZS,t, ZQ,t-1) 
 
and, using the regression above,  
 

(ZQ,t | ZS,t, ZQ,t-1) ~ N(azQ,t-1 + bzS,t, Φγ
2). 

 
These equations allow us to compute the distribution of discharge at time t given the simulated 
value at time t and the observed value at time t - 1. 
 
Application: It remains to determine how to apply the formulation to the ensemble of 
hydrographs, or time series, produced by the ESP.  Let one such time series be denoted by qt, t = 
1,...,n.  There are two possible application models: a deterministic model and a stochastic model.  
Both are applied independently to each times series within the ensemble of hydrographs, with 
each application resulting in an adjusted times series, qt*, t = 1,...,n. 
 
Deterministic Model: The deterministic model consists of computing the expected value of the 
observed discharge conditional on the expected value of the observed discharge in Gaussian 
space, as calculated using the formulation above.  The model is applied recursively as follows: 
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1. For time t = 1, compute the expected value  
 

zQ,1 = E[ZQ,1 | ZS,1, ZQ,0] = azS,1 + bzQ,0 ,  
 
 where zQ,0 is the NQT transformed observed value at the time the forecast is produced. 
2. For times t = k, k = 2,...,n, compute the expected value  
 

zQ,k = E[ZQ,k | ZS,k, ZQ,k - 1 = zQ,k-1] = azS,k + bzQ,k-1 ,  
 
 where zQ,k - 1 is the expected value computed at time previous time step, k - 1. 
3. For all times t, t = 1,...,n, the adjusted time series value is computed as the expected value of 

the observed discharge conditional on the simulated and previous observed values in 
Gaussian space, or  

 
qt* = E[Qt | ZS,k, ZQ,k - 1] .   

 
This computation makes use of the expected value computed in step 2, but is not closed form, 
requiring numerical integration to complete.  

 
Stochastic Model: The stochastic model is similar to the deterministic model, except that the 
adjusted time series value is the inverse NQT applied to a single random sample drawn from the 
distribution of the observed value in Gaussian space.  Hence, the stochastic model follows the 
same first two steps as the deterministic version, with step 3 being as follows: 
  
3. For all times t, t = 1,...,n, compute a random realization, zr,t, of the variate (ZQ,t | ZS,t, ZQ,t-1) ~ 

N(zQ,t, Φγ
2), and apply the inverse NQT to this realization to acquire the adjusted time series 

value: qt* = GQ
-1(Q(zr,t)).     

 
Implications: For the stochastic model, the recursive nature of the application leads to the 
following: 

( )Z |Z ,Z ~ N a z b a z , aQ,k S,k Q,k 1
k
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i 0
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j 0

k 1

− −
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−
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⎛
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⎠
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 . 
Thus, the forecast distribution at time t = k, k > 0, is a weighted sum of the observed value at the 
time the forecast is produced, the simulated value at time t = k, and all of the simulated values 
preceding time t = k.  Note that, under the constraint that 0 < a < 1, as the lead time of the 
forecast increases, the weight on the observed at the time the forecast is produced decreases, as 
does that for the earlier simulated values. 
 
Calibration: Calibration of the ensemble post-processor requires estimation of the marginal 
distributions GQ and GS, and regression parameters a, b, and Φγ

2.  The estimation is performed 
using historical records of the observed discharges and corresponding simulated discharges.  
Such a historical simulation can be produced via ESP. 
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Estimating  GQ and GS: GQ and GS are estimated empirically.  Simply collect all of the 
observed and simulated data to be used in the calibration, sort them, rank them, and assign 
probabilities accordingly. 
 
Estimating a, b, and Φγ

2: As opposed to a typical linear regression, parameters a and b are 
estimated by minimizing the errors relative to Qt, not relative to ZQ,t.  Hence, an optimization 
must be performed in which the variables that are being optimized are a and b, and the objective 
is to minimize an error measure between samples of Qt and the inverse NQT transformed values 
of zQ,t computed using the regression equation.  Regardless of how a and b are estimated, the 
residual variance, Φγ

2, is always computed using the values in the Gaussian space. 
 
Seasonal and High Flow Dependency: The behavior of a river may be dependent on the time of 
the year.  As such, it may be desirable to derive seasonal estimates of the parameters, so that the 
parameters used to apply the ensemble post-processor depend on the day the forecast is being 
produced.   
 
Furthermore, the quality of the model often depends on the discharge level.  Hence, it may be 
desirable to derive the regression parameters separately for high and low discharges.  However, 
the empirical estimates of GQ and GS should be the same for both. 
 

EXAMPLE 
 
Overview: The example provided below illustrates both the ensemble pre-processor and post-
processor.  It is a real-life example, generated at the Mid-Atlantic River Forecast Center on April 
24, 2002, for the station in Huntingdon, PA. 
 
Description: The details of the calibration and application of the ensemble pre-processor and 
ensemble post-processor are provided below. 
 
Ensemble Pre-Processor Calibration: The parameters for the ensemble pre-processor were 
calibrated at 6 hour time steps using a record consisting of two years of observed and forecasted 
precipitation data.  The forecasts are those generated for the RFCs via the standard NWS 
quantitative precipitation forecast process.  Table 1 provides the statistics CAVGX, CAVGY, 
CCVX, and CCVY, the values of p0X and p0Y, and the correlation coefficient Δ.  Figure 2 is a plot 
of the distributions FX and FY. 
 
Ensemble Pre-Processor Application: The forecast of 6 hour precipitation amounts for the 
period from April 24 at 12 UTC to April 26 at 12 UTC was all zeros except for the time period 
from 6 UTC to 12 UTC on April 25, which had a value of 0.26 in.  For that 6 hour time period, 

 PoP CAVG CCV ρ 
X (Obs.) 0.216 0.172 1.825 ----- 
Y (Fcst.) 0.313 0.116 1.015 0.853

Table 1: Parameters of ensemble pre-processor. 
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Figure 2: Marginal distribution FX (black) and FY (gray) used in 
ensemble pre-processor. 

Figure 3 provides plots of the historical, unsmoothed distribution of observed precipitation and 
the distribution of precipitation amounts resulting from the ensemble pre-processor.  Both are 
empirical estimates. 
 
Ensemble Post-Processor Calibration: The parameters for the ensemble post-processor were 
calibrated using a record consisting of 37 years of observed and simulated mean daily discharge.  
Calibration was performed for the season consisting of April and May, and the discharge values 
were broken down based on those below 400 CMS and above 400 CMS.  Table 2 provides the 
parameters a, b, and Φγ

2 for both above and below 400 CMS.  Figure 4 provides the empirical 
estimates of distributions GQ and GS. 
 
Ensemble Post-Processor Application: Figure 5 provides the ensemble of hydrographs that was 
produced by ESP, the adjusted ensemble produced by application of the deterministic model, and 
the ensemble produced by application of the stochastic model. 
 
Discussion: Two observations that can be made pertaining to this example will now be 
discussed.  First, from Figures 2 and 3, it is seen that, at the six hour time scale, the probability 

 a b Φγ
2 

Below 0.734 0.281 0.042 
Above 0.104 0.883 0.076 

Table 2: Parameters of ensemble post-processor.
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Figure 3: Empirical distribution of original precipitation data for hours 
6 – 12 UTC on April 25 (hollow circles) and distribution resulting from 
application of ensemble pre-processor (black dots). 

of precipitation is typically less than 30%.  Thus, the impact of how the zero precipitation events 
are ranked, which is currently randomly, is strongly felt.  So a more intelligent “nearest 
neighbor” ranking technique is needed, in which the zero events are ranked based on proximity 
to non-zero events both in time and in space.  Such a technique is being researched at this time.  
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Figure 4: Empirical estimates of marginal discharge distributions GQ 
and GS. 
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Figure 5: The original ESP output hydrographs (top), the deterministic model adjusted 
hydrographs (middle), and the stochastic model adjusted hydrographs (bottom). 
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Second, both the deterministic and stochastic models of the ensemble post-processor adjust the 
output time series from the ESP.  This adjustment is calculated in such a way that a time series 
adjusted by the ensemble post-processor is useless when considered individually, as it will not 
represent an actual feasible event.  This fact is visible in Figure 5 for the stochastic model.  
Hence, you must take all of the time series as a whole in order to understand the statistical 
properties of the future event. 
 
In general, the real life example above illustrates how the methodology described herein is 
applied to generate an ensemble of precipitation amounts that accounts for meteorological and 
model uncertainty. 

 
CONCLUSION 

 
At this time, the NWS is advancing the hydrologic science used to forecast rivers by enhancing 
the ensemble forecast process.  Substantial work has been done to develop pre-processing and 
post-processing algorithms.  The algorithms developed use existing NWS data streams and have 
proven successful over the Juniata river basin in Pennsylvania.  The pre-processor captures 
meteorological uncertainty, or uncertainty about future precipitation and temperature, perhaps 
the most significant source of uncertainty in forecasting hydrological events.  As meteorology 
improves, the pre-processing algorithm will incorporate new forecasts with longer lead times.  In 
this way, the hydrologic forecasts will be able to take full advantage of any advancement in the 
skill of meteorological forecasts.  The post-processor captures the non-meteorological 
uncertainty, or model uncertainty, which is a major source of uncertainty for short term forecasts.  
It is these short term forecasts that end users are demanding.  Further refinements of both 
algorithms will be directed by the results of the developing implementation efforts.      
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INTRODUCTION 
 
The Hydrology Laboratory (HL) of the National Weather Service (NWS) Office of Hydrologic 
Development (OHD) is investigating methods to improve river and stream flow forecasts by 
taking advantage of multi-sensor, gridded, precipitation products.  NEXRAD-based multi-sensor 
precipitation products are currently produced at NWS River Forecast Centers (RFCs) at a 1-hour 
temporal and 4-km spatial resolution.  Archiving of these products first began in 1993 with the 
Stage III algorithms (Fulton et al., 1998) and work to improve these algorithms continues (Seo, 
2002).    
 
Thirteen National Weather Service RFCs in the United States produce both short and long-term 
river flow forecasts at about 4,000 forecast points.  Current operational methods for hydrologic 
modeling were designed when the only source of precipitation data was rain gages.  Rain gage 
data can support lumped modeling at 6-hour time steps on basins ranging in size from 300 – 
5000 km2.  Using multi-sensor rainfall products and additional sources of spatial information 
describing the land surface, there is a potential to (1) improve forecast accuracy at basin outlets 
and (2) provide hydrologic simulations for smaller ungaged basins (this could improve flash-
flood warnings).  Improving our understanding of hydrologic processes through modeling is a 
pre-requisite to achieving these goals.  This paper describes distributed modeling research and 
development being done at HL in an effort to reach these goals.  To provide a framework for 
analysis, HL has recently developed a set of programs referred to as the Research Modeling 
System (HL-RMS).  Some of the main features of the current HL-RMS are: 
 

(1) ingests gridded NEXRAD-based products 
(2) basic modeling unit is the NEXRAD grid cell (~ 4 km) 
(3) rainfall-runoff calculations are done independently for each grid cell 
(4) runoff is routed over hillslopes within a model cell 
(5) channel routing is done from cell-to-cell  
(6) rainfall-runoff calculations can be done using lumped or distributed rainfall and lumped 
or distributed parameters 
(7) uses the Sacramento Soil Moisture Accounting Model (SAC-SMA) (Burnash et al., 1973) 
(8) uses the kinematic method for both hillslope and channel routing 
(9) writes output parameter, state, or forcing grids that can be displayed in ArcView GIS   

 
Several factors played a role in designing the features of HL-RMS.  Use of the SAC-SMA model 
for runoff calculations is a practical choice because NWS hydrologists have a large amount of 
experience with lumped applications of this model.  Also, the work of Koren et al. (2000) to 
estimate SAC-SMA parameters from soil properties makes it possible to run simulations using 

 1



SAC-SMA parameter estimates that vary within a basin.  For simplicity, the 4 km grid cells used 
to map multi-sensor precipitation are used as the basic modeling unit.  The 4-km resolution is 
adequate to resolve important spatial variability in rainfall that can occur across basins modeled 
by RFCs, while still maintaining acceptable computational requirements.  Certainly, there is a 
lower limit on the size basin that can be modeled with 4-km grid cells, but there is no reason that 
smaller grid cells (e.g. 2-km or 1-km) cannot be used in future applications.   
 
One reason for maintaining computational simplicity (e.g. grid structure) and familiarity (e.g. use 
of SAC-SMA) is to facilitate prototype testing and ultimately to simplify the transition from a 
prototype to an operational application.  Initial testing has shown that the computational 
resources required to run this model are very modest.  HL is hoping to learn about the possible 
benefits of using more complex rainfall-runoff and routing methods in real world applications 
through participation in and sponsorship of the Distributed Modeling Intercomparison Project 
(DMIP) (DMIP, 2002) and other cooperative research.   
 
The remainder of this paper includes a description of the HL-RMS model structure, parameter 
estimation procedures, and some initial results and discussion.   
 

MODEL STRUCTURE 
 
Rainfall-runoff calculations are performed for each 4-km NEXRAD grid cell.  The rainfall-
runoff parameters are assumed to be uniform within each model cell.  The SAC-SMA model 
defines several types of runoff including fast response impervious, surface, and direct runoff, 
medium response interflow, and slow response supplemental and primary baseflow.  In HL-
RMS, the impervious, surface, and direct runoff components are routed over conceptual 
hillslopes within each NEXRAD cell to a conceptual channel.  The interflow and baseflow 
components are assumed to enter the channel system directly from the soil and therefore bypass 
the hillslope routing.  This differs from a typical lumped application of the SAC-SMA model in 
which all flow components are routed through a unit hydrograph, and there is no distinction 
between hillslope and channel flow mechanisms.   
 
Because baseflow is generated and assumed to enter the channel within the same cell, there is no 
physical connection between the lower zone (groundwater) storages in adjacent model cells.  
This is perhaps a weakness in the current distributed application of the SAC-SMA model 
because it seems physically reasonable that more baseflow should be generated in the lower 
reaches of a basins, due to water that is transferred to the deeper channel banks through 
subsurface or channel flow from upstream cells.  Establishing flow relationships among 
subsurface storage zones in the HL-RMS conceptualization is one topic for future research.  
 
Because of the relatively large size of the 4-km model cells, the cells are subdivided into 
conceptual hillslopes to make overland flow distances physically realistic.  A drainage density 
parameter in the model is used to subdivide a cell into equally sized overland flow planes (Figure 
1a).  These hillslopes drain to a conceptual channel segment within the same cell.  Cell-to-cell 
channel routing is done using flow direction networks like that illustrated in Figure 1b.  For the 
relatively coarse resolution model cells, automatically defining an accurate drainage network that 
correctly describes the geomorphological character of a basin is not a trivial task.  Custom HL-
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RMS pre-processing tools to derive drainage networks for coarse resolution grid cells using 
higher resolution digital elevation models (DEMs) have been developed at HL.  To facilitate 
efficient routing calculations, the drainage network depicted in Figure 1b is translated into a 
computational sequence file using the scheme of Koren et al. (1992). 
 

(b) (a) 

Figure 1.  (a) Conceptual hillslopes and (b) cell-to-cell drainage network 
 
To maintain computational accuracy in kinematic channel routing calculations, the conceptual 
channel within each cell is subdivided into several reaches of equal length.  Approximating the 
length of channel flow within each cell as cellarea*2 has given reasonable results in initial 
simulations. 
 

PARAMETER ESTIMATION 
 
Rainfall-Runoff Parameters:  Calibration procedures to estimate SAC-SMA parameters for 
lumped model applications are well defined (Burnash, 1995; HRC, 1999; Brazil and Hudlow, 
1981; Anderson, 2002, Smith et al., 2002).  However, by definition, lumped calibrations do not 
yield any information about how parameters should vary within a basin, desirable information 
for the implementation of a distributed model.   

 
To estimate the spatial variability of rainfall-runoff parameters within basins, we use a priori 
SAC-SMA parameter grids developed by Koren et al. (2000).  Koren et al. (2000) developed a 
set of equations that can be used to derive 11 of the SAC-SMA parameters from the Soil 
Conservation Service (SCS) curve number (McCuen, 1982), properties that can be inferred from 
soil texture (e.g. porosity, field capacity, wilting point, and saturated hydraulic conductivity), and 
soil depth.  These equations were developed based on both physical reasoning and empirical 
relationships.  Using 1-km soil property grids derived from STATSGO data (USDA, 1994) by 
Miller and White (1999), Koren et al. (2000) produced a priori SAC-SMA parameter grids 
covering the conterminous United States.  The a priori values of the Upper Zone Free Water 
Maximum (UZFWM) parameter for the Arkansas River Basin are shown in Figure 6a. 
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Koren et al. (2000), Koren et al. (2001), and Duan et al. (2001) all have run lumped simulations 
using basin averaged a priori parameter estimates.  These studies suggest that although these a 
priori estimates cannot outperform a well calibrated lumped parameter set on a gaged basin, the 
values are reasonable initial guesses for manual or optimized calibrations and the a priori grids 
may be beneficial in regional analysis.  For example, to estimate parameters for an uncalibrated 
basin, Koren et al. (2001) used ratios of a priori parameters to scale parameters from a nearby, 
calibrated basin.  We also use this simple idea of parameter scaling in some of our HL-RMS runs 
to describe spatial variability within a basin.   

 
Simulations using three different approaches to assign SAC-SMA parameters are presented in 
this paper.   

(1) Lumped parameters:  Assign uniform parameters to all of the model cells within a 
basin.  The values for uniform parameters are estimated using manual calibration of a 
lumped model forced by mean areal precipitation computed from the same hourly 
precipitation grids used for distributed modeling.   

(2) Distributed w/ a priori grids:  Use the a priori SAC-SMA parameter grids with no 
adjustment.  Simulations from this method indicate the degree of success that can be 
expected in modeling without any calibration.   

(3) Distributed with scaled a priori grids:  Multiply each a priori SAC-SMA grid by the 
ratio of the SAC-SMA parameter from lumped calibration to the parameter estimate 
derived from averaging the values in the a priori grid.   

 
These methods, as well as scenarios aggregating precipitation to different degrees, are all easy to 
implement within the HL-RMS framework.    
 
Routing Parameters:  Similar to the rainfall-runoff parameters, routing parameters are assumed 
to be constant within each model cell.  Thus, spatially variable routing parameters are input as 
grids with the same spatial resolution as the precipitation and rainfall-runoff parameter data.   
 
Hillslope Routing Parameters:  Three parameters are defined in each cell for kinematic 
overland flow routing:  hillslope slope, hillslope roughness, and drainage density.  Note that in 
the current model structure, hillslope slope and hillslope roughness may vary from cell to cell, 
but not among the conceptual hillslopes within a cell.  Representative hillslope slopes are 
estimated using DEM data (initially with 30-m DEM data for basin scale applications and 400-m 
DEM data for regional scale applications) by first computing the local slope of each DEM cell in 
the study domain using the Arc/Info slope function (ESRI, 1994), and then averaging all of the 
DEM cell slopes in each 4-km model cell.  In simulation runs presented here, a constant estimate 
of hillslope roughness (0.15) has been assigned for all model cells.  Certainly, spatially variable 
hillslope roughness values could be related to land use estimates based on a lookup table (e.g. 
Skahill and Johnson, 1999); however, implementing this option has not yet been a high priority 
given that (1) within a given land use category, published values of roughness values cover wide 
ranges of possible values that often overlap with the ranges assigned to other land use categories 
and therefore offering limited guidance in defining spatial variability, (2) initial outlet 
simulations using spatially constant hillslope roughness have been satisfactory, (3) HL-RMS has 
shown more sensitivity to channel routing parameters than hillslope parameters in the basins 
studied.   
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For drainage density, Dingman (1993) notes values ranging from 2 km-1 to 100 km-1 have been 
reported in the literature, and that drainage density is related to climate and geology.  For areas 
we are modeling in the Arkansas and Red River Basins, a spatially constant value of drainage 
density (2.5 km-1) has been assumed.  Based on model results, this seems like a reasonable 
assumption.   
 
Channel Routing Parameters:  In order to solve the continuity equation (Equation 1) using the 
kinematic routing method, two parameters in the momentum equation describing steady, uniform 
flow must be prescribed for all points in space (parameters a and b in Equation 2).   

 

q
t
A

x
Q

=
∂
∂

+
∂
∂  (1) 

 
baAQ =  (2) 

 
Q is flow in [L3 T-1], A is cross-sectional area of flow [L2], q is lateral inflow per unit length of 
channel [L2/T], x is the distance along the channel, t is time, and a and b are model parameters.  
We sometimes refer to a as the channel specific discharge.   
 
The a and b parameters can be defined two ways for HL-RMS.  Method 1:  HL-RMS reads four 
parameter grids that can be used to derive a and b.  Method 2:  HL-RMS directly reads pre-
defined grids of a and b.  The four grids required for Method 1 include channel slope (S), 
channel roughness (n), and two channel shape parameters (α and β).  Pre-processing procedures 
to derive input grids for either method have been developed and are described here.   
 
The basic idea used to derive distributed routing parameters is to combine point measurements 
that are available at USGS streamflow stations with the geomorphologic information that can be 
derived from DEMs.  Flow measurement data, including top width (B), flow cross-section (A), 
and flow (Q) (derived from velocity measurements), are intermittently collected by the USGS at 
stream gaging stations in order to derive stage-discharge curves.  The fact that the USGS has 
recently added an option to download these data from their national web site makes the 
parameter estimation process much easier.   
 
Although the flow measurement data can be used directly to derive required channel parameters 
at the basin outlet, the goal is to get parameter estimates at upstream grid cells.  For Method 1, 
both channel slope and drainage area information in each cell are used along with the outlet 
parameter information to derive routing parameter grids, while in Method 2 only the drainage 
area is used.  The drainage area for each model cell is implicit in the network connectivity 
(Figure 1b), and representative estimates of channel slope are derived using high resolution (e.g. 
30-m) DEM data.  To derive channel slope estimates, the average of the slopes of the largest 
streams branches that pass through each 4-km model cell are used.  As should be the case, 
channel slope estimates for a cell are significantly different than the hillslope slope values.  
 
In Method 1, a simple parabolic channel shape defined by Equation 3 is assumed 
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βαHB =  (3) 
 
where H is flow depth, B is top width, and α and β are model parameters.  Given Equation 3, it is 
easily shown that 
 

ββα ])1[( avgHH +=  (4) 
and 
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Parameter estimates at a basin outlet, (αo, βο) are determined by fitting a curve to a plot of A vs. 
B data.  With this simple channel model, it is not necessarily possible to get a good fit to the A 
vs. B plot at all flow levels; therefore, we aim to get good fits at high flow levels because we are 
interested in modeling floods.  In our applications, the shape parameter, β, is assumed to be 
constant within a basin, but spatially variable values of the width parameter, α, are derived.   
 
Channel roughness (ni) values for each cell are calculated using an empirical equation (Tokar 
and Johnson, 1995), 
 

00011.0272.0 −= FSnn oi  (6) 
 
where F is upstream drainage area and S is channel slope.  Locally applicable values for the 
coefficient, no, are derived using USGS flow measurements at the basin outlet.  
 
Two basic geomorphologic assumptions and the ni values are used to estimate α values at 
upstream cells.  The first assumption is that channel forming flow is a known function of 
drainage area, and the second is that cross-sectional area is a known function of stream order.  In 
the current HL-RMS, the following relationships are assumed: 
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where the subscript i denotes any upstream cell and the subscript o denotes the value at the 
outlet, Rl is Horton’s length ratio, and k is stream order.  Gorbunov (1971) suggests the cross-
sectional area relationship in Equation 8.  One advantage of using this stream order relationship 
rather than a relationship that is strictly a function of drainage area is that the Rl parameter can be 
varied to reflect local characteristics.  In our analysis, we use Rl = 2.1.   
 
The procedure to estimate distributed αi values is as follows.  For a selected flow level at the 
outlet, estimate the upstream flow (Qi) and cross sectional area (Ai) using Equations 7 and 8.  
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From this information, a representative velocity (vi) at each upstream cell is estimated, and the 
average depth (Havgi) is back-calculated using Manning’s equation.  The top width Bi is then 
calculated as Ai/Havgi and Equation 4 is solved for αi.  With known channel geometry at each 
cell, values of channel specific discharge (a) are estimated and used for kinematic channel 
routing calculations.   
 
To implement Method 2, channel specific discharge (a) and the exponent (b) in Equation 2 are 
estimated at the outlet by fitting a curve to the A vs. Q data.  The same geomorphologic 
assumptions are used to estimate a and b at upstream cells and from Equations 7 and 8, it can be 
shown that: 
 

ob

i
o

o

i
i r

a
F
F

a ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

1    and   (9) oi bb =

 
As discussed in the next section, both methods for channel parameter estimation yield reasonable 
results in simulation runs.  As an independent check on the procedure, Figure 2 shows that the 
pattern of predicted channel width variations along the main channel is similar to the pattern of 
actual channel top width measurements made in the field.  What is interesting here is the pattern 
rather than the absolute widths.  Top widths measured in the field are based on a channel bank 
approximation and there is no channel bank in the simplified conceptual channel defined by 
Equation 3.  The estimated widths shown in Figure 2 are generated for a flow level that produces 
similar overall widths.  
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Figure 2.  Comparison of estimated and observed top widths 
 

RESULTS AND DISCUSSION 
 
Initial testing of HL-RMS is being carried out for basins within the Arkansas and Red River 
Basins (Figure 3).  The main reason for this is that the Arkansas-Red Basin River Forecast 
Center (ABRFC) has the longest archive of 4-km multi-sensor precipitation grids (May 1993 – 
present), and these rainfall grids have been evaluated more thoroughly than grids produced in 
other parts of the country.  Also, these basins are not regulated.  Others have also used this area 
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in distributed modeling studies (e.g., Carpenter et al., 2001).  Although all of the basins shown in 
Figure 3 are being studied as part of DMIP, specific results for only a few of these basins will be 
discussed here.  It should be noted that the following simulations were derived by HL scientists 
and do not correspond to the forecasts derived at the ABRFC.  RFC forecasts include a 
significant amount of human quality control not present in simulations shown here.  Ongoing 
developments on assimilation/updating techniques (Seo et al., 2002) should also improve the 
performance of HL-RMS. 

 
Figure 3.  Location reference for the Arkansas, Red, and DMIP basins 

 
A critical question to consider in evaluating the potential benefits of distributed modeling for 
NWS operations is whether a distributed model can produce simulations that are comparable to 
or better than simulations from existing lumped models.  Of course, producing better simulations 
is ideal, but the ability to produce comparable simulations is also a positive result because there 
are other potential benefits from running a distributed model, like the ability to simulate flows at 
small, ungaged sites within a basin, and the ability to incorporate future sources of spatial data 
that describe hydrologic variables (e.g. satellite observations).   
 
In general, distributed model runs for the Blue River at Blue, OK, have shown noticeable 
improvements over lumped simulations, while distributed model simulations for the Illinois 
River at Watts, OK, and the Baron Fork at Eldon, OK, have yielded results comparable to 
lumped simulations.    
 
Figures 4a and b show hydrographs for two events in the Blue River.  These two events have 
been selected from a 6 year continuous simulation (June 1993 – May 1999) to illustrate results 
that can be obtained in events with relatively non-uniform and relatively uniform rainfall.  
Several other events during the calibration period show results similar to those shown here.  
Figure 4a shows that a distributed model outperforms a lumped model when the rainfall 
distribution is relatively non-uniform.  Figure 4b shows that the lumped simulation results are 
more comparable for cases with less spatial rainfall variability.  Based on visual and statistical 
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comparisons of hydrographs at the basin outlet, the use of scaled, a priori SAC-SMA grids 
produces better overall simulations than the use of unscaled a priori grids. 
 

(a) 

 

Figure 4.  Representative events for the Blue River.  (a) Case with highly non-uniform rainfall. 

 
itial distributed model simulations in the Illinois River Basin above Watts (1645 km2) and the 

urther study of the Tahlequah (2484 km ) and Eldon basins is of interest because of the 

 

(b) Case with relatively uniform rainfall. 

In
Baron Fork at Eldon (795 km2) show results comparable to lumped simulations.  In these basins, 
little to no gain from distributed modeling is seen in the overall simulation quality at the basin 
outlet.  The difference from the Blue River results is likely due to a number of factors including 
differences in basin shape and orientation, and the possible dampening affects of deeper soils in 
Watts and Eldon basins.  These results agree with those of Obled et al. (1994) who suggested 
that the spatial variability of the precipitation was not sufficiently organized to overcome the 
effects of dampening present in the basins studied.   
 

2F
potential to verify modeling results at interior gaged locations.  The Watts, Savoy (433 km2), and 
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Flint Creek (295 km2) basins are all within Tahlequah and Peacheater Creek (65 km2) is within 
the Eldon basin.   
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Figure 5.  Simulations at (a) Eldon and (b) Peacheater Creek.  Scaled parameters at Peacheater 
Creek are based on calibration at Eldon. 

 
An interesting result from this type of study is presented in Figure 5.  In Figure 5a, the 
distributed model with scaled SAC-SMA parameters produces results comparable to a lumped 
simulation and better than a distributed model with unscaled a priori parameters at Eldon.  
However, for the same storms at Peacheater Creek (Figure 5b) the model with unscaled a priori 
parameters produces better results than runs with both lumped and scaled SAC-SMA parameters.  
Note that the lumped parameters and scaling factors used in this example are based on 
calibration at Eldon only, without calibration at Peacheater Creek.  It is perhaps not difficult to 
accept this result because the lumped parameters and scaling factors derived from manual 
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calibration at Eldon are scale dependent (Koren et al., 1999) and they implicitly account for a 
certain scale of rainfall averaging.  Although this result indicates that there are scaling issues, it 
should not deter continued efforts to refine modeling and calibration procedures to produce 
better results at small, nested basins while maintaining good hydrologic performance at the 
outlet.   
 
Modeling results for an interior point within the Watts basin, the Illinois River at Savoy (433 
km2), do not show the same trend as Figure 5 when moving from a larger to a smaller basin.   
That is, results using scaled grids based on a Watts calibration and unscaled a priori grids yield 
comparable simulation results at Savoy.  Perhaps the difference in these results is due to the fact 
that the Eldon basin is 12 times as large as Peacheater Creek, while the Watts basin is only about 
4 times as large as the Savoy basin.  The reality is that defining a distributed parameter model 
calibration strategy that is robust across many spatial scales remains a challenge.   
 
Strategies to calibrate several basins in a hydrologic region have long relied on qualitative 
assessments of soil and vegetation properties.  The scaling of a priori parameter grids used here 
and the similar procedures described by Koren et al. (2001) for adjacent basin are attempts to 
approach this type of analysis in a quantitative and consistent manner.  These procedures can 
continue to be refined, both with new theory and the use of additional data sources.   
 
In order to improve our understanding of regional variability in both rainfall-runoff and routing 
parameters, HL-RMS is also being applied to wider areas.  Given the simple structure of the 
model, it is possible to run simulations for large areas such as the Arkansas River (408,939 km2).  
From a computational standpoint, this type of run is feasible.  To produce a 10 day simulation in 
quasi-forecast mode for the entire Arkansas River area only takes 5-6 minutes of CPU time on an 
HP9000/J5000 workstation.  
 
Figures 6b-d show example results from this type of demonstration run.  For this demonstration, 
a priori parameter grids are used for rainfall-runoff modeling and routing parameter grids are 
derived using data from only a few stations on the main stem of the Arkansas River.  This 
demonstration of running the model on a large area is considered a beginning and not an end.  
Certainly, we do not initially expect accurate hydrograph simulations in many parts of the 
Arkansas River, because there are numerous processes that are not represented in HL-RMS (e.g. 
reservoirs and the potential for dynamic flow variations and backwater effects on the larger 
rivers).  However, running HL-RMS over a large area provides a framework for further study.  
Studies on specific subbasins can begin to populate the HL-RMS input grids with more accurate 
parameter estimates and refine the regional picture.   
 

SUMMARY AND CONCLUSIONS 
 
HL-RMS provides a framework to run distributed models that will improve our understanding of 
hydrologic process.  HL-RMS shows the potential to improve the accuracy and resolution of 
river forecasts.  The basic conclusions from initial simulation runs are: 

• HL-RMS produces simulations that are comparable to or better than the simulations that 
are produced by lumped models.   
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• The improved results were found in the Blue River, OK, for events where spatial 
variability of rainfall is significant.   

 
• Schemes developed to estimate distributed routing parameters produce reasonable results 

for moderate to large storm events without any calibration.   
 

• Progress has been made in quantitatively estimating spatially variable rainfall-runoff 
parameters, but a robust method to calibrate the distributed parameter model is still not 
well defined.   

 
The simple gridded structure of the model facilitates both scientific research and prototype 
testing in field offices.  HL-RMS results will be compared with more complex models through 
the DMIP project to identify possible improvements.  Future work should also include exploring 
the use of additional data sources (e.g. NDVI, soil moisture observations) to help improve both 
model formulation and parameter estimation procedures.   
 
Plans to run the model over large areas will also help to refine calibration procedures and 
identify model components that can be improved.  More applications of HL-RMS will improve 
our understanding of subbasin processes and scale issues important for flash-flood modeling.   

(a) (b)

(c) (d)
Flow 

Feb. 23, 1997 6:00 Upper Zone Free Water 
Content 

Precip. Totals from 
Feb. 20-21 1997

Upper Zone Free Water 
Maximum Capacity 

 
Figure 6.  HL-RMS demonstration for the Arkansas River Basin 
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Abstract:  The Hydrologic Modeling System (HEC-HMS) was developed to supercede the 
aging HEC-1 program for hydrologic simulation.  Many aspects of the design and 
implementation of HEC-HMS are an improvement over HEC-1.  Many computational 
algorithms have been improved to use recent advances in numerical analysis.  Overall software 
design has been enhanced by the adoption of an object-oriented programming language. 

Continuous simulations can now be performed using either a one-layer or more complex five-
layer soil moisture accounting method.  The one-layer method does not include any 
representation of interception and only a lumped recovery term incorporating evaporation, 
transpiration, and percolation.  The five-layer method explicitly includes a representation of 
canopy, surface, soil, and shallow groundwater dynamics. 

The reservoir element is used to represent any lake, detention basin, or reservoir.  The next 
version adds significant capability through the explicit representation of outlet structures.  
Available structures include a low-level outlet, broad-crested and ogee spillways, dam overflow, 
and dam break.  The new capabilities are implemented using an adaptive time-step, iterative 
solution of the continuity equation. 

Snow accumulation and melt represents a significant impact on the hydrologic cycle of many 
watersheds.  Design is currently underway on a degree-day snowmelt model modified with a 
pack cold content and liquid water content.  The algorithm will be usable in lumped, elevation 
band, or grid cell modes. 

Extensible Markup Language (XML) is becoming a common method for information exchange 
between applications with similar data.  Currently there are a number of hydrologic models in 
use that could share certain data but no standard exists for exchanging the data between the 
programs.  To facilitate such transfers, an XML data definition has been created for parameter 
data and simulation results used in HEC-HMS. 

INTRODUCTION 

HEC-1 has been a popular program for performing a wide variety of hydrologic simulation tasks.  
Many mathematical models were included in a "toolbox" approach that made the program 
relatively easy to apply in many different situations.  However, the program was designed before 
the explosion in desktop computer power.  The availability of powerful desktop computers 
spurred research in numerical analysis.  Tremendous advances quickly followed and resulted in 
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new techniques for efficiently solving very complex problems.  HEC-HMS has been designed to 
take full advantage of these advances through the use of object-oriented design and dynamic 
memory management.  Consequently, HEC-HMS is able to use new computation-intensive 
algorithms to implement new capabilities. 

Development of the HEC-HMS program has been continuous for the last ten years.  Phase I 
included the design of the overall program framework and creation of the initial program 
structure.  A variety of modeling components were extracted from HEC-1 and modernized to 
leverage new numeric techniques.  New capabilities for distributed precipitation and limited 
continuous simulation were included.  This work resulted in Version 1.0 of the program.  Phase 
II focused creating new modeling components to support continuous simulation.  The conclusion 
of this phase makes it possible for the program to operate in either an "event" or "continuous" 
mode depending on the needs of the user.  We are now beginning Phase III which will focus on 
enhanced reservoir and meteorology simulation capabilities.  On a parallel track, we are working 
to replace the interface and provide better interoperability with other programs as well as 
flexibility in generating reports about the model's data and results. 

CONTINUOUS SIMULATION 

The soil moisture accounting model included in the program computes infiltration and excess 
precipitation with a five-layer model (Figure 1).  Operation of the model can be divided into 
storage components and flow components (HEC 2001).  Rates of inflow and outflow and layer 
capacities control the volume of water lost or added to each component.  State variables are the 
storage in each layer. 

Canopy interception (Figure 1) represents precipitation that is captured on trees, shrubs, and 
grasses, and does not reach the soil surface.  Precipitation is the only inflow into this layer.  
When precipitation occurs, it first fills canopy storage.  Only after this storage is filled does 
precipitation become available for filling other storage columns. 

Surface depression storage (Figure 1) is the volume of water held in shallow surface depressions.  
Inflows to this storage come from precipitation not captured by canopy interception and in 
excess of the infiltration rate.  Outflows from this storage can be due to infiltration and to 
evapotranspiration.  Water in excess of the storage capacity becomes surface runoff. 

The soil profile storage (Figure 1) represents water stored in the top layer of the soil.  Inflow is 
infiltration from the surface and outflows include percolation to groundwater layer one, and 
evapotranspiration.  An upper zone is defined as the portion of the soil profile that will lose water 
to evapotranspiration and percolation.  A tension zone is defined as the portion of the soil profile 
that will lose water to evapotranspiration only.  Evapotranspiration occurs from the upper zone 
first and tension zone second. 

Groundwater layers (Figure 1) represent horizontal interflow processes.  Zero, one, or two layers 
can be included.  Water percolates into groundwater storage from the soil profile.  Losses from a 
groundwater layer are due to groundwater flow or to percolation from one layer to another. 

The flow component of the soil moisture accounting model includes the movement of water 
between and out of layers.  Precipitation is an input to the system of storages and contributes first 
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to the canopy interception storage.  If the canopy storage fills, the excess amount is then 
available for infiltration. 
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Figure 1.  Conceptual schematic of the soil moisture accounting model. 

Infiltration is water that enters the soil profile from surface depression storage.  Water available 
for infiltration during a time step comes from precipitation that passes through canopy 
interception, plus water already in surface storage.  The volume of infiltration during a time step 
is a linear function of the volume of water available for infiltration, the fraction of capacity of the 
soil profile, and the maximum infiltration rate specified by the user. 

Percolation is the movement of water downward from the soil profile, through the groundwater 
layers, and into a deep aquifer.  The rate of percolation between the soil profile layer and 
groundwater layer 1, or between groundwater layer 1 and 2 depends on the volume in the source 
and receiving layers.  The rate is greatest when the source layer is nearly full and the receiving 
layer is nearly empty. 

Surface runoff is the water that exceeds the infiltration rate and overflows the surface depression 
storage.  This volume of water is direct runoff; the resulting runoff hydrograph is computed with 
one of the transform models included in the program.  Groundwater flow is the sum of the 
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volumes of groundwater flow from each layer and can be used to represent interflow processes.  
A linear reservoir is used to compute the lateral flow out of each layer. 

Evapotranspiration is the loss of water from the canopy interception, surface depression, and soil 
profile storages.  Potential evapotranspiration is computed by the meteorologic model separately 
and prior to soil moisture accounting computations.  The potential evapotranspiration volume is 
satisfied first from canopy interception, then from surface depression, and finally from the soil 
profile. 

RESERVOIR ENHANCEMENTS 

Previous versions of the program have always included a reservoir element (HEC 2001).  The 
element can be used for modeling almost any kind of reservoir, lake, or pond without regard to 
size.  General application of the reservoir element is possible because all of the entities act as 
storage bodies for water.  The user is required to enter a storage-outflow relationship and an 
initial condition.  The storage-outflow relationship must be a monotonically increasing, 
composite relationship that includes the contribution of spillways and other outlet structures to 
the total outflow.  Routing through the reservoir is performed using the modified Puls technique 
with one step. 

The existing capability is certainly capable of modeling a wide range of reservoirs.  However, it 
cannot be used when outflow from a reservoir is a non-unique function of storage.  This situation 
arises when water leaves the reservoir through gated spillways or through pumps.  The dynamic 
nature of moving gates and intermittent pump operation makes it impossible to develop a single 
storage-outflow relationship for the reservoir.  It is often necessary to model these types of 
dynamic reservoir outflow so changes were made to the program to support these needs. 

The first step of modifying the program was to design a new algorithm for routing flow through 
the reservoir in a way that allows for dynamic changes to the properties that determine outflow.  
It is possible that the properties of a gated spillway will change for every time step of a 
simulation, thus changing the outflow for each step.  Therefore, a routing algorithm was 
envisioned that computes the outflow for each time step of the simulation independently from 
previous time steps.  The previous method required properties such as a spillway gate setting to 
be fixed and outflow through the spillway computed outside the program.  The computation of 
flow through the spillway is now incorporated directly into the routing algorithm and allowance 
for gates settings and other transient events during the simulation included. 

Total outflow from the reservoir is envisioned as the sum of individual outflows from an 
arbitrary number of independent outlets.  An outlet may represent a spillway, low-level discharge 
tunnel, evaporation, or any other method of removing water from storage.  Each outlet is 
encapsulated as an object.  The reservoir can be thought of as a ring of outlet objects, as 
illustrated in Figure 2.  Total outflow is computed by sequentially computing and summing the 
outflow from each outlet.  The reservoir storage state and the tailwater state are passed to each 
outlet for use in computing individual outflow. 
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Figure 2.  The compute ring for the reservoir element showing total outflow as the sum of 
outflows from each outlet. 

It is relatively straight-forward to compute the total outflow from the reservoir for a given 
storage state.  However, it is much more complicated to correctly conserve mass.  In order to 
conserve mass, the continuity equation must be solved for each time step: 

 0=+− OI
dt
dS  eq 1 

where S is the storage, t is time, I is the inflow, and O is the computed outflow.  At the beginning 
of a time step, the storage state for the previous step and the inflow for the current step are both 
known.  Storage for the new time step and total reservoir outflow are unknown, but related 
through the continuity equation.  The equation is solved using Brent's method (Press et al. 1988). 

Brent's method is an iterative procedure for finding the roots of a nonlinear equation when the 
derivatives are unknown.  Generally speaking there is only one viable root for a reservoir release 
given the properties of the reservoir.  It is ideally suited to solving the continuity equation for a 
reservoir because the transient nature of changes to gate or pump settings makes it virtually 
impossible to formulate derivates.  For each time step, it finds the outflow that solves the 
continuity equation.  As often as necessary, it computes total outflow from the ring of structures. 

The new routing algorithm has been added to the existing reservoir element.  The traditional 
modified Puls method can be used as in previous versions with storage-outflow, elevation-
storage-outflow, or elevation-area-outflow storage descriptions.  The new algorithm is used 
when the elevation-storage or elevation-area storage descriptions are selected. 

The initial implementation of outflow structures is limited.  A low-level outlet has been included 
that assumes orifice flow.  A broad-crested spillway is available that is based on the standard 
weir flow equation.  An ogee spillway is also available that automatically adjusts flow when the 
reservoir energy head is different from the design head.  Flow over the top of the dam can be 
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modeled with a level or non-level broad-crested weir.  Finally, a simplified dam failure option is 
included.  The dam failure models a trapezoidal breach that expands linearly.  All structure 
options account for possible submergence in the reservoir tailwater. 

The capabilities of the reservoir element will be enhanced beyond the current work.  Future plans 
include additional types of spillways and low-level outlets.  Simulation of the orifice outlet will 
be extended to correctly compute outflow when pressure flow conditions are not met.  Tainter 
and radial gates will be added to the spillways.  New outlet mechanisms will be added including 
evaporation, seepage, and pumps.  Finally, pump and spillway gate settings will be automatically 
controlled based on the reservoir storage state and the tailwater state. 

SNOW ACCUMULATION AND MELT 

The current version of the program does not include the capability to model snow.  Large areas 
of the United States are subject to winter snowfall so lack of an integrated snow capability in the 
meteorologic model reduces the applicability of the program.  The program cannot currently be 
applied in these areas without special care. 

It is possible to include the effect of snowmelt in the program by importing the results of a 
separate snowmelt model (Daly et al. 1999).  The program retrieves all precipitation time-series 
data from an HEC Data Storage System (HEC-DSS) file (HEC 1994).  It is subsequently 
processed by the meteorologic model to prepare the rainfall hyetograph for each subbasin.  
Snowmelt can be computed by a separate program and stored in a HEC-DSS file.  The stored 
information must represent the output from the snowmelt model.  This output can be defined as 
the liquid water available at the soil surface for infiltration or runoff.  The data is imported to the 
meteorologic model and processed into the hyetograph for use by the subbasin as if the data 
represented rainfall.  This procedure has been described elsewhere (Davis et al. 1999). 

The first snowmelt method selected for addition to the program is a temperature index method 
adapted from SSARR (U.S. Army 1991) and Daly et al. (1999).  It provides for representation of 
each subbasin with an arbitrary number of elevation bands or as grid cells.  Each band or cell is 
considered to be at one elevation for consideration of temperature and treeline.  While 
precipitation is falling, the melt rate is a linear function of precipitation rate.  Otherwise, melt 
rate is a user-specified function of the antecedent temperature index.  Precipitation is classified 
as rain or snow by a user-specified criteria.  The cold content of the snow pack is tracked and 
accounts for the refreezing of melted snow.  The cold content represents stored energy that can 
be used to freeze liquid water.  Precipitation falling on snow is frozen in the pack until the cold 
content is reduced to zero.  Snow falling on the pack accumulates and increases the cold content.  
When the cold content is reduced to zero, rain falling on the pack and melted snow remains in 
the pack as liquid water until the liquid holding capacity is exceeded.  Additional liquid water, 
after the holding capacity is filled, becomes available at the soil surface for infiltration or runoff.  
Ground melt is considered separately and contributes to infiltration and runoff independently of 
the accumulation, melt, and freezing processes occurring in the pack. 

Work is currently underway to add the temperature index snowmelt method to the meteorologic 
model.  In itself, this will be a major step forward in the applicability of the program to varying 
watersheds across the United States.  Future snow modeling efforts will concentrate on the 
selection and inclusion of an additional method based on energy conservation. 
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DATA REPORTING AND TRANSFER 

 
The Hydrologic Engineering Center has created a suite of applications for modeling hydraulic 
and hydrologic systems.  Each application uses its own format for basic model information, and 
uses a common database, HEC-DSS, to store time-series and paired data.  While HEC-DSS is a 
powerful tool for time-series data, much of the parametric specifications for each model are 
better kept in another format.  Up until recently, HEC has been using text files for this purpose. 
 
Extensible Markup Language (XML) is becoming a common method for information exchange 
between applications with similar data.  There are a number of hydrologic models in use that 
could share certain data but no standard exists for exchanging the data between the programs.  
To facilitate such transfers, an XML data definition has been created for parameter data and 
simulation results used in HEC-HMS. 

Currently results data are presented in tabular format on screen or in a form useable by a text 
document.  HEC-HMS does not provide any report describing parameter types or values, other 
than the model text files used by the program.  A means of importing data from other modeling 
programs and exporting data to those programs would be a very useful enhancement. 

Extensible Markup Language (XML) provides the means of exchanging data between programs.  
XML has three components – the XML document, a Document Type Definition, and one or 
more style sheets. 

The XML document contains the actual data.  This data is "marked up" using tags similar to 
those seen in HTML documents.  The tags, which define data associations, are themselves 
definable in the Document Type Definition.  Because of this, XML can be used for any set of 
data, given an accepted and agreed upon data definition.  In addition, XML is supported by a 
variety of programming languages, including Java, C++, and Visual Basic. 

Once data is correctly represented in an XML document, the style sheet provides the mechanism 
for displaying it.  Style sheets can be used to display data on a web page or within a word 
processing document, drawing from the same data document for either purpose. 

At present HEC-HMS uses text input files with a specific format.  This format requires starting 
each line with a keyword describing the data that follows, which is similar in principle to XML 
format.  The transition to XML is therefore simple for HEC-HMS.  However, in order for other 
applications to use the data from HEC-HMS, standards for the Document Type Definition must 
be developed. 

The Document Type Definition:  The Document Type Definition (DTD) provides the structure 
required for the XML document.  A sample DTD defining the XML structure equivalent to the 
projects.hms file is provided in Figure 3. 

The DTD describes elements, attributes and entities.  Elements are the basic units of the XML 
document, identifying the owner of the data.  Attributes allow associated data for an element to 
be specified within the element’s tag pair.  Entities are user-defined data types.  Elements can be 
made from combinations of entities and attributes. 
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Figure 3.  Sample data type definition (DTD) for the projects.hms data file that 
describes all of the main data in an HEC-HMS project. 

<!ELEMENT Project (Precipitation*, Basin*, Control*, 
DefaultAttributes)> 
<!ATTLIST Project  
    name CDATA #REQUIRED 
    description CDATA #IMPLIED 
    version CDATA #REQUIRED 
    dssFile CDATA #IMPLIED> 
<!ENTITY % ComponentList "name CDATA #REQUIRED  
                        description CDATA #IMPLIED  
                        filename CDATA #IMPLIED"> 
<!ELEMENT Precipitation (#PCDATA)> 
<!ATTLIST Precipitation %ComponentList;> 
<!ELEMENT Basin (#PCDATA)> 
<!ATTLIST Basin %ComponentList;> 
<!ELEMENT Control (#PCDATA)> 
<!ATTLIST Control %ComponentList;> 
<!ELEMENT DefaultAttributes 
(DefaultBasinUnitSystem*,  
     DefaultMeteorologyUnitSystem*, 
                             DefaultLoss*, 
DefaultTransform*, DefaultBaseflow*, 
                             DefaultRoute*, 
DefaultPrecip*, EnableFlowRatio*, 
                             
EnableEvapotranspiration*)> 
<!ELEMENT DefaultBasinUnitSystem (#PCDATA)> 
<!ELEMENT DefaultMeteorologyUnitSystem (#PCDATA)> 
<!ELEMENT DefaultLoss (#PCDATA)> 
<!ELEMENT DefaultTransform (#PCDATA)> 
<!ELEMENT DefaultBaseflow (#PCDATA)> 
<!ELEMENT DefaultRoute (#PCDATA)> 
<!ELEMENT DefaultPrecip (#PCDATA)> 
<!ELEMENT EnableFlowRatio (#PCDATA)> 
<!ELEMENT EnableEvapotranspiration (#PCDATA)> 

The DTD presented in Figure 3 starts with an ELEMENT definition for the components of a 
Project, the term used in HEC-HMS for a watershed with all its related data.  Based on the code 
presented, a Project consists of Precipitation, Basin, Control, and DefaultAttributes elements.  
The items marked with an asterisk in the ELEMENT definition can have zero or more 
occurrences in the XML document. 

Using the ATTLIST keyword, attributes are defined for a Project, consisting of a required 
character string Name, an optional character string Description, a required character string 
Version and an optional character string DSSFile. 

The next section of the DTD provides a data type definition for ComponentList.  This is defined 
in the ENTITY section, and allows the term %ComponentList to replace all the defined code 
whenever it is placed in an ELEMENT.  When %ComponentList is used with the attribute 
section for Precipitation, it means that Precipitation can have the attributes of name, description 
and filename as defined by the ENTITY ComponentList. 
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The XML Document:  The XML document must be formatted in accordance with the 
Document Type Definition.  It consists of elements, attributes and data. 

The partial XML document shown at Figure 4 describes a Subbasin.  In use, this example would 
be a portion of an HEC-HMS basin file.  The subbasin described in this section of XML code is 
named Sub-1.   Tags naming the parameter delineate all of the subbasin's parameters. 

Figure 4.  Sample extensible markup language (XML) document for describing the 
data that describes a subbasin element in HEC-HMS. 

<Subbasin> 
  <Name>Sub-1</Name> 
    <CanvasX>582448.626</CanvasX> 
    <CanvasY>4172834.993</CanvasY> 
    <LabelX>16</LabelX> 
    <LabelY>0</LabelY> 
    <Area>1.52</Area> 
    <Downstream>East Branch</Downstream> 
    <LossRate> 
      <Type>Initial+Constant</Type> 
     <PercentImperviousArea>17</PercentImperviousArea> 
     <InitialLoss>0.02</InitialLoss> 
     <ConstantLossRate>0.14</ConstantLossRate> 
    </LossRate> 
    <Transform> 
      <Type>Snyder</Type> 
      <SnyderTp>0.19</SnyderTp> 
      <SnyderCp>0.16</SnyderCp> 
    </Transform> 
    <Baseflow> 
      <Type>Recession</Type> 
      <RecessionFactor>0.79</RecessionFactor> 
      <FlowAreaRatio>0.54</FlowAreaRatio> 
      <FlowtoPeakRatio>0.1</FlowtoPeakRatio> 
    </Baseflow> 
</Subbasin> 

Style Sheets:  XML files can be displayed and exported in a variety of ways using style sheets.  
Style sheets use the Extensible Style sheet Language for Transformations (XSLT) to take a well-
formed XML document and create a document in another defined format.  For example, using 
XSLT an XML document could be transformed into HTML, a table in a database using 
Structured Query Language (SQL), or into a tab-delimited file for importing into the table of a 
word processing document or spreadsheet. 

XSLT is a widely known and used language within the computer science industry.  Using the 
HEC-HMS Document Type Definition, an end user can create a template that will convert the 
XML file into their specific report formats or into a prescribed input format for another 
application.  This can be done without modifying the underlying HEC-HMS code, providing 
maximum flexibility to users.  Exchange of data between applications will be easily 
accomplished, and reports can be created which match contract specifications exactly using the 
common data. 
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CONCLUSION 

The HEC-HMS program was designed to replace the aging HEC-1 program.  It now incorporates 
a number of significant capabilities that were not previously available.  It includes a five-layer 
soil moisture accounting model that can be used for continuous simulation.  The reservoir 
element includes simulation capabilities similar to those in HEC-1 but implemented with a much 
more robust solution algorithm.  Current work in snow accumulation and melt will likewise be a 
significant enhancement over the old capabilities.  Future development efforts will focus on 
exchanging parameter data and computed results with other programs and with user-defined 
report generators via the XML standard. 
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1. Abstract 
Integrated Water Resources Management is gradually being implemented throughout the world. In the EU 
the Water Framework Directive has been agreed on, which sets requirements to integrated river basin 
management, and in the USA it is now a general requirement, that water management is based on an 
integrated assessment of groundwater, surface water and water quality. Integrated Water Management can 
only be addressed properly if integrated tools are available. The present trends goes towards building multi-
objective Decision Support Systems (DSS) with a modular structure, where the different modules deals 
with hydraulic, hydrological, water quality or other environmental issues but also with socio-economic 
issues. Development and maintenance of durable integrated systems require that functional code 
architectural principles be adopted. This paper describes the structure, functionality and architecture of a 
future integrated water resources management system using object oriented code architecture. 
 
 

2. Introduction 
 
The past decades have revealed an increasing need for holistic planning within water resources. This 
requires that the full integrated system of water resources is observed alongside with the environment, 
ecosystem, socio-economic system, upstream and downstream conditions. A wider perspective in time is 
also required, which involves a long term sustainability assessment. The increasing pressure on the water 
resources has further intensified this need. The concepts of integrated water resources management are 
gradually being implemented throughout the world, which requires new approached and methodologies. In 
the EU the Water Framework Directive has been agreed on, which sets requirements to integrated river 
basin management, and in the USA it is now a general requirement, that water management is based on an 
integrated assessment of groundwater, surface water and water quality. 
 
The change in paradigm has set new requirements to the tools and methodologies, which are used in 
connection with water resources management. They have to reflect to full complexity of the system, and 
have to be able to projects its future development and sustainability. The water resources manager needs to 
understand all the possible impacts of pursuing any given management policy, which requires integrated 
models of all relevant processes and relations, often encapsulated in decision support systems. These 
computer model represent an integrated understanding of multidisciplinary expertise, and are established by 
coupling process modules for the different disciplines. To allow these models to be used by water resources 
planners and managers, they are wrapped in easy understandable Graphical User Interfaces (GUI). The 
GUI’s support data processing and management, development and evaluation of decision scenarios and 
production of readily understandable key outputs.  
 
The development of generalised software systems, which are tailored to meet both current conditions and 
adapt to future requirements, is a task that requires organisations with strong scientific, logistic and 
financial capacity. The integration of software tools is costly, and links between process modules has to be 
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well defined and maintained to survive in future versions of the software. With the increasing requirements 
for holistic approaches, demands arise for co-operation between scientists from different disciplines and 
some times from different software development organisations. This sets new requirements to the links 
between software modules to be viable. Unless the source code is well designed and modular in structure, 
such co-operation will be continuously resource demanding and complicated. In order to overcome these 
development and maintenance problems, the integrated water resources modelling systems of tomorrow 
must adopt an object oriented code architecture with well defined interfaces between different models 
(objects). 
 

3. Software Development History and Trends 
 
The first generation of computer models was concerned only with computer adaptations of established, 
human-friendly methods (Abbot et al., 1991).  
 
The second generation of computer models used methods that were more computer-friendly, even if 
human-unfriendly (e.g., finite-difference and finite-element methods). The software was typically 
developed by consultants or by research organisations for in-house use and was tailored for specific 
project-oriented purposes. GUI’s were not available and input/outputs were typically stored in large 
sequential files. 
 
In the 1980’s some research organisation started to develop more generalised modelling systems. This third 
generation of water resources modelling systems addressed still specific scientific disciplines such as river 
modelling and groundwater modelling. The codes were however generalised in the sense that they could be 
changed from the outside through flexible input descriptions, such that users of the software could 
themselves build models for specific purposes. The general nature of the modelling systems made them 
useful for a broader range of water resources managers, researchers and consultants and. This allowed for a 
wider dissemination of the systems, and the commercial systems were born.  
The first physically based integrated water resources management codes, such as SHE, emerged in the 
1980’s (Abbott et al., 1986). 
 
The rapidly increasing power of the PC’s paved the way for a suite of new tools such as GIS technology, 
database and animation tools. The increasingly strong processors also encouraged the development more 
and more sophisticated models, which again required better tools for data pre-processing, analysis and for 
result presentation. The simple GUI’s of the early PC based models thus gradually changed into 
sophisticated GUI’s with links to GIS, Databases and the full suite of MS Windows and similar products. 
 
The increasing focus on environmental issues through the 1990’s lead to a higher need for integrated water 
management systems. The integrated modelling systems describing surface water and groundwater were 
further developed with bio-chemical process descriptions. Most of these integrated codes were, however, 
developed and tailored for specific client applications and had only very rudimentary user interfaces. The 
codes were typically based on public domain software (MODFLOW, SWMM, HSPF), which were then 
packaged by consulting engineering firms. The supplied users with the complexity of integrated modelling 
but without the necessary tools to properly analyse and understand the models. Such codes are unlikely to 
survive in the long term.  
 
The increasing complexity of the integrated water resources modelling systems and the demand for open 
interfaces to external software (such as other models, GIS, Databases, Windows and Internet products) has 
set the requirement for more rigid, object oriented coding principles. In this context an integrated modelling 
system may be composed of a number of hydro-informatics objects. A hydro informatics object may be an 
isolated part of the integrated model, for instance a groundwater model, the GUI, tools and data access 
objects and web-communication objects. Hence, the future integrated modelling systems will be a 
collection of objects with well defined purposes and well defined interfaces.  
 
Figure 3-1 illustrates the historic trends in water resources software. 
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Figure 3-1 Historic Trends in Water Resources Modelling Systems 

 
 

4. The Need for Integrated Water Resources Modelling Systems 
 
Modern water resources management requires a holistic approach, which observes the full integrated 
system of water resources is observed alongside with the environment, ecosystem, socio-economic system, 
upstream and downstream conditions. This requires complex and sophisticated tools, which can be adopted 
and used on all levels ranging from technicians to decision and policy makers. This demand has created 
some general trends in relation to water resources modelling: 
 
• Hydraulic and hydrologic models are being coupled and integrated with other models describing the 

natural processes. Examples of such integrated models include coupled hydrological-ecological models 
for environmental impact assessments in riverine floodplains and wetlands, and coupled hydrological-
atmospheric models for climate research studies. 

• Models are being built into general frameworks for decision support, providing decision makers with 
analytical interactive tools. 

 
Both developments involve a qualitative leap towards true multi-discplinary tools. Integrated modelling 
requires close co-operation between hydrologists/hydraulic engineers and for instance ecologists, while 
decision support systems in addition require incorporation of expertise outside traditional engineering and 
natural science areas (Refsgaard and Havnø, 1996). 
 
A special issue of Journal of Hydrology (reference) defines a Decision Support System (DSS) as follows: 
“Basically as DSS attempts to provide the water-resources managers with analytical assistance in making 
rational choices based on objective assessments, thereby reducing the element of subjective opinion. This 
requires a broader approach than has hitherto been possible within the narrow confines of hydrology and 
water resources: of necessity decision making also needs to include economic, environmental and socio-
political considerations, quantitatively wherever possible. Therefore, a DSS can be regarded as a form of 
artificial intelligence in which computers are used not only to predict what is likely to happen given various 
assumptions but also to supplement management experience in decision-making”. 
 
Integrated models comprising atmospheric, hydrological, hydrodynamic, morphological and ecological 
modules are in themselves tools, which support decision making. In order to transform the outputs from 
these models into practical decisions, they need to be combined with other types of information, such as 
details of infrastructure, possibilities for control, socio-economic information etc. Often, the decision is 
between a variety of alternative options, which each represents a balance between positive and negative 
impacts. Optimisation routines often in the form of multi-objective routines are used to derive optimal 
plans. Hydroinformatics is concerned with the coupling of these different tools and data.  
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An integrated water resources management system could conceptually be considered as a DSS that consists 
of a number of components or objects as outlined in Figure 4-1. In principal all objects can be linked 
together using simple interfaces. The figure below illustrates a system that contains an integrated 
hydrological model, with water quality (transport and biology), sediment transport (graded sediments) and 
modules for reservoir control and operation. The object oriented technology facilitates seamless interfacing 
to the surrounding world of GIS, databases, internet browsers and the MS Office world. 
 

River Object

 
 

Figure 4-1 Structure of an Object Oriented Integrated Water Resources Management System  

 
It is increasingly required that planning studies are started with an overall (fairly crude) modelling e.g. of 
the entire river basin with all its components, and that these models are refined and extended during the 
study with detailed focus on specific and local conditions of special interest. Often different parts of the 
system have to be modelled with different levels of complexity: e.g. the local conditions around a reservoir, 
in a lake or a wetland might require local refinements.  
 
This sets requirements for a flexible coupling between the various components of the integrated modelling 
and decision support system. In order for such a complex collection of models, databases and processors to 
function both as individual components and as part of an integrated framework, an object oriented code 
architecture with simple and well-defined interfaces is required. 
 

5. Object Oriented Code Architecture 
Although there is an obvious need for integrated water resources modelling systems, most water resource 
models are still designed for a limited range of applications. In many cases it is possible to develop tailored 
links between such models, which allow them to exchange boundary conditions and data. Depending on 
how closely the models are linked and their architecture, the work with developing such links may range 
from a few man-weeks to several man-months. But the limitation of such links is that they can only be used 
for the specific models. This means that replacing one of the models with another model or linking with a 
third model would require basically redoing all the work. A continuous problem is faced when some of the 
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models are upgraded to newer versions. The links typically connect to internal model files or even to the 
solution algorithm, which in many cases means that the new version does not support the established link. 
The problem is of course aggravated when the coupled models are created by different organisations. 
  
The requirements for a model link will depend on the actual physical problem, which is simulated. The 
simplest situation is when one model delivers input to another model and the supplying model does not 
depend on the results from the receiving model. In this case the supplying model can be executed first, a 
conversion program can update the input files for the receiving model where after the receiving model can 
be executed. If both models depend on the results from the other model, a closer link has to be established. 
In this case the models need to exchange data during the time stepping loop. If both models internally are 
using a numerically implicit scheme also an iterative procedure may be required. This procedure could be 
implemented in the frame application that is hosting the models.  
 
In order to address the problems associated to model coupling and to form the basis for new opportunities, 
a new architecture for water resource models is being developed as described below. 
 
The general idea is to consider models as objects with generic interfaces (Figure 5-1). A frame object will 
make instances of the needed model objects and manage the models through their interfaces. The interfaces 
consist of methods and properties. The methods and properties are basically functions that can be accessed 
by the surrounding application (e.g. the frame object) or by direct interaction between the models. The 
properties can be used to provide data to the models or to request data from the models. The methods can 
be used to control the model execution (e.g. read input data from persistent storage or trigger a new time 
step computation). Each of the models showed in Figure 5-1 may consist of other model objects, tools 
objects (e.g. time series objects that will handle all functionality associated to time series), or data access 
objects (e.g. data bridges to data bases or specific data formats). Actually the frame object could also be 
used as a sub-object for another object 
 

MODEL 1

<<Interface>>

MODEL 2

<<Interface>>

MODEL 3

<<Interface>>

Frame object

<<Interface>>

 
Figure 5-1 Architecture for Model Coupling 

The obvious advantage of using this approach is that once a model is changed to a model object with a 
generic interface, the model will immediately be ready for coupling with any other model that complies 
with this standard. 
 
The challenge is to define a single interface (the set of methods and properties) that will make the model 
coupling possible for any type of model. One model will provide boundary conditions for another mode 
and visa versa. The most essential part of the interfaces are the methods that provide this functionality. For 
the sake of performance, the actual coupling will be established only once, before the actual simulation. 
The coupling can take place in three different ways: 1) Manually through a user interface, 2) Semi 
automatically though a user interface which suggests the appropriate connection, 3) Automatically. Once 
the coupling is defined, the model that needs information will have a unique ID for the data element inside 
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the providing object. During the simulation model 1 can request data from model 2 using the following 
method: 
 
Value = Model2.GetData( DataID, Time)  
 
The methodology can be used also for other data sources such as databases, time series, and on-line data 
from monitoring equipment. The only requirement is that these data sources are accessed through an object 
with an interface that is similar to the model object interfaces.   
 
 
 

6. An Integrated Modelling Example 
 
The Caloosahatchee watershed (Figure 6-1) receives water from Lake Okeechobee, runoff from the 
watershed and through base flow from the Surficial Aquifer System. Projected irrigation water demands 
may no be met at the present rate of release from the Lake Okeechobee. Furthermore, the flow from the 
river may undergo reductions to accommodate the Everglades Restoration Project. 
 

 
Figure 6-1 The Caloosahatchee basin and the ISGM model area 

 
The Caloosahatchee basin is located in central Florida and covers an area of approximately 1,200 mi2 
(3,100 km2). The freshwater part encompasses the area from Lake Okeechobee upstream to the Franklin 
lock (S-79) downstream - an area of approximately 1,050 mi2.  
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The surface water flow is to a large extent controlled by the dense river network. The Caloosahatchee river 
(C-43) receives water from Lake Okeechobee upstream at Moorehaven Lock (S-77). Ortona Lock (S-78) 
found approximately 16 miles (26 km) downstream drains the eastern part of the basin. The freshwater 
upper part of the river is separated from the saline lower part and Franklin Lock (S-79) 43 miles (69 km) 
downstream Lake Okeechobee. 
 
A large number of structures control the flow throughout the basin and are operated for navigational 
purposes, water level control, drainage and irrigation water supply. 
 
Irrigation accounts for the major part of the water use in the basin. Water for irrigation purposes is mainly 
pumped from irrigation canals but a large number groundwater wells are found in parts of the area. Sugar 
cane, citrus and truck crops are the main crops being irrigated. During dry periods irrigation demands are 
met by release of water from Lake Okeechobee to C-43. Water is pumped from C-43 upstream into the 
primary irrigation canals, through ditches or directly onto the fields.  
 
The Caloosahatchee Water Management Plan project is part of the Lower West Coast Water Supply Plan. 
The project aims at providing a plan for:  
 
• Adequate supply of water for all existing and future competing uses within the basin. 
• Improvements to the functions of natural systems.  
• Improvements of surface and ground water quality. 
 
 
The Integrated Surface - Groundwater Model 
 
A fully dynamic and integrated hydrological model was developed incorporating all major flow processes 
in the Caloosahatchee basin. The model is based on the integrated hydrological modelling system MIKE 
SHE (Refsgaard and Storm, 1995). The groundwater portion of the model is based on an existing 
MODFLOW model of the project area. MODFLOW is the most used groundwater model in the USA and 
world wide. MIKE SHE reads MODFLOW input files and a dynamic link to MODFLOW is under 
development at DHI Water & Environment in Denmark. 
 
The model uses available data on meteorology, soil physics, hydrogeology, canal geometry including 
hydraulic control structures, land use, crop and irrigation data. Where data have been insufficient, estimates 
or generalised assumptions have been made to complete the model. The validity of the assumptions and the 
sensitivity of the model to selected model parameters were investigated. It was found that the effective 
groundwater drainage depths in agricultural areas were important to the model results and associated with 
some uncertainty. 
 
Model calibration and verification confirmed the ability to simulate dynamic surface and groundwater 
flows including the irrigation water stress, and hence provide impact assessments of alternative water 
resources management alternatives including both surface and sub-surface water resources. In addition the 
model may be used in evaluating environmental effects, i.e. water level changes in wetlands due to 
exploitation of groundwater or surface water. The model is a versatile tool, which is highly suited for water 
resources management, especially where the interaction between groundwater and surface water is of 
importance. 
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Figure 6-2 Depth to groundwater table (negative values indicate water levels above ground) 

The simulated groundwater tables of June 1987 show areas with water tables above ground level (light) and 
areas with deep to shallow ground water tables (dark grey to light grey). High water tables in non-drained 
areas (lakes, wetlands and swamps), are clearly seen scattered throughout the basin, while deep 
groundwater tables typically are found along the canals 
(indicated by white lines). The series of maps to be retrieved from the model results provides valuable 
information on e.g. flood water levels and duration, and dry period water levels in wetlands. 
 
The irrigation water demand simulation comprises conjunctive allocation of groundwater/surface water 
taking into account crop and soil characteristics. Through GIS based preprocessing tools a direct 
interpretation of water permits can be obtained and the fully distributed results on demand, allocation and 
shortage provide indespensible information for water resources management. 
 

7. Conclusion 
 
The use of integrated software packages is rapidly spreading to all water resources planners and managers 
around the world. The increasing need for holistic planning has set new requirements to these packages. 
Fully integrated modelling systems are required which describe the water resources as well as the impact 
on the environment, ecosystem, socio-economic system, upstream and downstream conditions.  It is 
required in planning studies to start with an overall (fairly crude) modelling e.g. of the entire river basin 
with all its components, and then refine and extended these during the study with detailed focus on specific 
and local conditions of special interest 
 
In order to further develop, couple and maintain such increasing suite of coupled models, databases and 
processing software, new software architectures are required. An object oriented architecture can ensure 
such rigorous coupling with a minimum of maintenance requirements, and ensures thus a sustainable 
linking. The methodology can be used also for other data sources such as databases, time series, and on-line 
data from monitoring equipment. The only requirement is that these data sources are accessed through an 
object with an interface that is similar to the model object interfaces.   
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GREAT LAKES EVAPORATION MODEL SENSITIVITIES AND ERRORS 

By Thomas E. Croley II, Research Hydrologist, and Raymond A. Assel, Physical Scientist, 
Great Lakes Environmental Research Laboratory, Ann Arbor, Michigan 

INTRODUCTION 

The Great Lakes Environmental Research Laboratory (GLERL) developed a lumped-parameter 
model of evaporation and thermodynamic fluxes for the Great Lakes (Croley, 1994).  It is based 
on a point energy balance at the lake's surface (Croley, 1989) and on a one-dimensional (vertical) 
superposition of lake heat storage (Croley, 1992).  Ice formation and loss is coupled also to lake 
thermodynamics and heat storage (Croley and Assel, 1994).  The model is calibrated to observed 
daily water surface temperatures and ice cover to apply it in a particular setting.  Initialization of 
the model corresponds to identifying water surface temperature, heat storage, and ice cover from 
field conditions or from previous model runs.  The model is used with boundary meteorology 
conditions (daily time series of air temperature, wind speed, cloud cover, and humidity) to 
simulate heat storage and water temperature profiles in a lake from initial conditions forward. 

Turnovers (convective mixing of deep lower-density waters with surface waters as surface 
temperature passes through that at maximum density) occur as a fundamental behavior of 
GLERL's thermodynamic and heat storage model.  Hysteresis between heat in storage and 
surface temperature, observed during the heating and cooling cycles on the lakes, is preserved.  
The model also correctly depicts lake-wide seasonal heating and cooling cycles, vertical 
temperature distributions, and other mixed-layer developments.  There has been good agreement 
in past calibrations between the actual and calibrated-model water surface temperatures; the 
RMSE was between 1.1-1.6 °C on the large lakes [within 1.1-1.9 °C for an independent 
verification period, 1966-78 (Croley, 1989, 1992)].  There was also good agreement with 8 years 
of bathythermograph observations of depth-temperature profiles on Lake Superior and 1 year of 
independently derived weekly or monthly surface flux estimates on Lakes Superior, Erie, and 
Ontario (2 estimates). 

A sensitivity analysis of the evaporation model will enhance understanding of projected changes 
in these climatic variables and thus on projected future water resources of the Great Lakes.  For 
example, ice cover is projected to be significantly less under global warming, air temperature 
higher, and precipitation greater (Croley, 1994; Lofgren et al., 2000).  Improved long-range ice 
forecasts interest the National Ice Center while improved evaporation forecasts interest the US 
Army Corps of Engineers for operational applications in regulation of the Great Lakes.  The 
ability to provide improved estimates (modeled) of historical monthly ice cover data prior to 
1973 will be useful in retrospective studies of climate and the lake ecosystem, in which ice cover 
is an important consideration. 

Sensitivity analysis for model boundary conditions (input meteorology), model calibration 
parameters, and model initial conditions are all important areas of study; here we only consider 
model sensitivity to input meteorology on Lake Superior.  The model is briefly described in the 
next section.  Then, model sensitivity to boundary condition meteorology (air temperature, 
humidity, wind speed, and cloud cover) is presented in the following section.  Finally, 
observations are summarized. 
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EVAPORATION MODEL PARAMETERS 

Croley (1989) applied the mixed-layer concept of others (Gill and Turner, 1976; Kraus and 
Turner, 1967) for the Great Lakes.  To recapitulate, spring turnover (convective mixing of deep 
cold low-density water with cool high-density surface waters) occurs when surface temperature 
increases to 3.98°C, the temperature for maximum density of water.  As water temperatures 
begin increasing above 3.98°C, surface temperature increases faster than temperatures at depth, 
developing a stable temperature-depth profile with warmer, lower-density waters on top.  As the 
net heat flux to the surface then changes to negative, surface 
temperature drops and convective mixing keeps an upper 
layer at uniform temperature throughout (the “mixed layer”).  
The mixed layer deepens with subsequent heat loss until the 
temperature is uniform over the entire depth at 3.98°C, 
representing fall turnover.  Then a symmetrical behavior is 
observed with temperatures less than 3.98°C as the lake 
continues to lose heat; the surface temperature drops more 
than temperatures at depth until the net heat flux at the 
surface changes to positive again.  Surface temperature then 
increases toward 3.98°C, and convective mixing forces 
uniform temperature at all depths, representing spring 
turnover. 

TD

v

tD
M

Heat Additions:  Consider heat additions for water 
temperatures above 3.98°C, after spring turnover has 
occurred.  During the time (say 1 day) of a heat addition, 

, heat penetrates a water volume, HD M , near the surface, 
referred to as the “mixing volume” attributable to .  The 
heat raises water temperatures throughout the mixing volume 
and the water temperature increase, tD , is taken as linear 
with volume, v  (measured down from the lake surface); see 
Figure 1.  It varies from its maximum, tD  = TD  at the 

ace ( v  = 0), to tD  = 

H

B  

w

H
C F

D
r

æ ö
=ç ÷è øD

surf B  the ottom of the mixing 
volume ( v  = 

Figure 1.  Assumed temperature 
rise profile due to heat 
addition . HD

at b
M )  .

 ( ) M vt T B
M

D D -= - + B  (1) 

This volume, M , subsequently increases (deepens) with time as a function of conduction, 
diffusion, and mechanical (wind) mixing.  As M  deepens, in a sufficiently large lake, it 
approaches a limiting value (an “equilibrium volume,” V ) since the effects of wind mixing at 
the surface diminish with distance from the surface.  While 

e

M  is increasing,  mixes 
throughout 

HD
M  until, at some volume (value of M  = ),  becomes fully mixed (i.e., the 

temperature rise, , is constant with depth).  If a fully-mixed condition does occur at some 
point, then  < V .  As 

F HD
tD

F e M  grows from its initial value to , the surface water temperature rise, 
, decreases with increased mixing of  throughout 

F
TD HD M  and also with increases in M .  The 

temperature rise at the bottom of the mixing volume, B , also would increase with the mixing of 
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HD  but the increase in M  would decrease it.  Therefore, B  is taken as constant until  is 
fully mixed throughout (when 

HD
M  = ).  Thus, F B  corresponds to the fully mixed condition ( M  

= ) where the temperature-rise at any depth, , is constant throughout F tD M :  =  = tD TD B  = 
wH CD r F .  (Here  = density of water and C  = specific heat of water.)  See Figure 1.  As wr

M  grows beyond  (F M   ), the temperature rise profile remains uniform (fully mixed), but 
the (constant) water temperature increment decreases. 

³ F

The above considerations apply equally well to heat losses (  < 0) and water temperature 
decreases (  < 0), but with a possibly different value for the fully mixed volume (

HD
tD F ¢).  Large 

 (after spring turnover) or F F ¢ (after fall turnover) result in larger surface temperature 
differences, than do small  or F F ¢, and steeper temperature gradients with depth (volume).  
This means that heat is distributed vertically more uniformly for small values of  or F F ¢ than 
for large. 

Note that the assumed temperature rise profile (not the temperature profile) is assumed to be 
linear until the fully mixed condition obtains.  This is not the same as assuming that the 
temperature profile is linear; indeed the epilimnetic temperature profile will behave like the 
mixed-layer model already discussed. 

Wind Mixing:  As mentioned above, M  increases with time as a function of wind mixing.  
There should be some nonzero volume for no accumulated wind movement (accumulated wind 
movement equals zero), and the mixing volume should approach the limiting equilibrium volume 

 (in a sufficiently large lake) as the accumulated wind movement increases.  Croley (1992) 
studied empirical relationships with these characteristics and suggested an exponential form 
relating 

eV

M  and accumulated average wind-days over the water surface: 

 , 1 ea xp
k

k m e j
j m

M V b w
=

é ùæ ö
= + -ê úç ÷è øê úë û

å  (2) 

where  = is size of the mixing volume on day  associated with the heat added on day , 
 is average wind speed on day 

,k mM k m

jw j , and  and b  are empirical coefficients.  Equation a (2) 
applies for the post spring turnover period (water temperatures are greater than 3.98°C); its 
counterpart for the post fall turnover period (water temperatures are less than 3.98°C) has the 
same form but the empirical coefficients are a¢ and b¢. 

Note that for large , temperature differences introduced at the surface are distributed more 
quickly at any given depth than for small , all other things being equal.  The parameters  or 

eV

eV a
a¢ determine the “no wind” mixing of temperature changes introduced at the surface.  Let  
denote the mixing volume for a heat addition with no wind (largely through penetration of 
radiation or back radiation); then by 

0
,k mM

(2) above,  = 0
,k mM ( )1eV + a .  As a  or a¢ increase, 

, and as  or a0
, 0k mM ® a ¢ decrease (toward zero), 0

,k m eM V® .  The parameters  or bb ¢ 
determine the effect of wind on the mixing volume of a heat addition or deletion, for water 
temperatures above or below 3.98°C, respectively.  As b  or b¢ increase, the wind effect on 
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mixing is more pronounced and ,k m eM V®  more quickly, thus more quickly distributing surface 
temperature changes at depth.  As  or bb ¢ decrease, the wind effect on mixing is less 
pronounced and . 0

, ,k m k mM M®

The above assumptions and definitions are combined into a heat superposition model described 
elsewhere (Croley, 1992).  The heat superposition model each day combines temperature rise 
profiles and temperature drop profiles from all past surface heat additions or deletions.  It adjusts 
when instability exists in the form of higher-density waters overlying lower-density waters 
(colder water above warmer when both are above 3.98°C or warmer water above colder when 
both are below 3.98°C).  The adjustment redistributes heat so that the total temperature is 
uniform with depth (volume) over the region of the instability. 

Insolation:  Croley (1989) summarizes the radiation and heat balance occurring at the water 
surface.  Only the net long-wave radiation is parameterized.  By considering a water body as a 
“gray” body, and by applying cloud cover corrections only to counter-radiation from a clear sky 
(Croley, 1989, equation 23), 

 ( ) ( ){ }8 4 1 2 45.67 10 0.53 0.065 1 1 0.97a aQ T e p N- é ù= ´ + + - -ë ûl wT  (3) 

where  is daily net long-wave radiation exchange between the atmosphere and the water body 
(w m-2),  is the Stefan-Boltzman constant (w m-2 °K-1),  is air temperature (°K),  
is vapor pressure of air (mb) at the 2-m height, 

Ql

85.67 10-´ aT ae
p  is an empirical coefficient that reflects the 

effect of cloudiness on the atmospheric long-wave radiation to the water body,  is cloud cover 
expressed as a fraction, 0.97 is emissivity of water, and  is water temperature (°K).  When the 
dimensionless parameter 

N
wT

p  is large, clouds return more of the lake’s lost heat (the net effect is 
more heat in the lake) then when p  is small. 

Ice Cover:  Croley and Assel (1994) describe the one-dimensional ice thermodynamics model 
used herein.  It contains two dimensionless parameters,  and : at wt

0.1a nt = ab a  (4) 

0.9w nt = wb a  (5) 

where 0.1 is the fraction of the ice pack that is exposed to the atmosphere and 0.9 is the fraction 
exposed to lake water, n  is the number of ice pack pieces,  is the ratio of the circumference to 
the square root of the surface area for each ice piece (4 for a square and 

b
2 p  for a circle),  is 

the ratio of the “effectiveness” of heat transfer through a vertical ice surface exposed to air to 
that through a horizontal ice surface exposed to air, and  is the corresponding ratio for 
surfaces exposed to water.  Large values of  or  imply that there are many pieces of ice, 
resulting in a large combined edge surface relative to the lateral ice surfaces (top or bottom); 
large values also imply more effective heat transfer through vertical ice surfaces (ice pack edge) 

aa

wa

at wt
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relative to the lateral surfaces, exposed either to the atmosphere or to the water, respectively.  
Together, these observations indicate that large values of  or  imply more heat transfer 
through the ice edges, relative to the lateral surfaces, and small values imply more heat transfer 
through the lateral surfaces, relative to the ice edges. 

at wt

BOUNDARY CONDITION SENSITIVITY 

We assessed model sensitivity to boundary condition meteorology (air temperature, humidity, 
wind speed, and cloud cover) by using each boundary condition (meteorological input) time 
series with systematic changes along the entire time series in a range determined by its historical 
maximum and minimum, but maintaining the integrity of the other inputs.  First, we investigated 
the effect on calibration statistics for water surface temperature and ice cover.  Figure 2 
summarizes these statistics.  The water surface statistics are best at the original (unchanged) 
meteorology; this is hardly surprising since this data were used in the model calibrations.  Any 
changes in any of the meteorology variables (air temperature, , dew point temperature, , 
wind speed, , or cloud cover, ) decrease the correlation, increase the RMSE, and cause the 
mean ratio and variance ratio to deviate from unity.  Ice cover shows a similar behavior except 
that the best values of all calibration statistics do not occur simultaneously nor at the unchanged 
data abscissa as they do for water surface temperature statistics.  This is expected since the 
calibrations used minimization of RMSE for water surface temperatures rather than RMSE for 
ice cover for eight of the ten model parameters.  Also, of the two remaining parameters, for 
which a minimization of ice cover was used to calibrate, only one has any effect.  The 
calibrations are not sensitive to .  Therefore, water surface temperature statistics were much 
closer to optimum values than were ice cover statistics in the calibrations with the original 
(unchanged) meteorology.  It appears from Figure 2 that 1°C decreases in air temperature or dew 
point temperature improve ice cover RMSE, correlation, and mean ratio, at the expense of the 
variance ratio.  Likewise, increases in wind speed or cloud cover improve ice cover RMSE, 
correlation, and mean ratio.  Limited increases in wind speed and cloud cover also benefit ice 
cover variance ratio.  

aT dT
w N

at

Modeled water surface temperature, heat in storage, lake evaporation, and ice cover were 
calculated for every day of the 1950-1999 period by using calibrated model parameters.  The 
seasonal average (average for every day of the calendar year across the entire 50 years of 
simulation) was plotted against day of the year. This was repeated for each of several values of 
boundary condition meteorology from the range determined by historical maximums and 
minimums. For example, surface water temperatures are plotted for various air temperature 
perturbations in Figure 3; there are similar plots for the other model outputs for each model input 
but they are not shown here for the sake of brevity.  The top panel in Figure 3 shows the seasonal 
water surface temperature distribution across the annual cycle as a function of eight perturbations 
of air temperature ( ).  The middle panel shows the difference between each seasonal 
distribution and the base distribution (calculated with  + 0.00°C).  The bottom panel shows a 
ratio, obtained by dividing each value in the middle plot by the corresponding perturbation from 
the base value.  This represents the sensitivity of the seasonal distribution to changes in the 
model input meteorology (  in this example).  The bottom panel in Figure 3 is useful for 
determining if the sensitivity of a model output is linear with changes in a model input variable.  

aT

aT

aT
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If it is linear, then all of the curves collapse to a single seasonal distribution.  Sensitivity plots 
similar to the one in the bottom of Figure 3 were created for each of the constant changes in 
boundary condition meteorology.  Figure 4 shows the sensitivity of seasonal water surface 
temperature, seasonal stored heat, daily lake evaporation, and ice cover to the four meteorology-
variable-changes. Note that all model outputs appear to have sensitivity that is approximately 
linear to changes in boundary condition meteorology changes, as evidenced by the near collapse 
of all curves in the plots of 
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Figure 2.  Water surface temperature and ice cover statistics vs. input meteorology changes. 
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Figure 4.  This appears most especially 
pronounced for seasonal evaporation for all 
meteorology changes and for all model 
outputs for dew point temperature changes.  
It appears least pronounced for seasonal 
stored heat for changes in air temperature or 
wind speed.  All meteorology changes 
appear to affect seasonal water surface 
temperature most during the summer months 
but affect stored heat the least during the 
springtime.  Of course, ice cover is affected 
most during the winter months. 

It is difficult to compare the sensitivity of 
two model outputs to changes in one 
meteorology variable or the sensitivity of 
one model output to changes in two 
meteorology variables since units of 
sensitivity are generally not similar.  (The 
exceptions are comparisons of the sensitivity 
of one model output to changes in air 
temperature and dew point temperature.)  
However, by considering the expected range 
or standard deviation of meteorology 
variables, it is possible to make comparisons 
of sensitivity across model outputs or 
meteorology changes.  Since we have 
evidence of approximately linear 
relationships in Figure 4 between model 
outputs and changes in meteorology 
variables, it is appropriate to consider the 
daily average sensitivity, computed by 
averaging over all meteorology changes 
each day of the annual cycle.  The median 
over the annual cycle of the daily average 
sensitivity is then considered as a 
representative index of sensitivity.  (In the 
case of ice cover, only January through 
April is used to compute medians).  By 
multiplying the median sensitivity for a model output by the historical standard deviation of a 
meteorology variable, we have a generalized measure of the impact of a changed meteorology 
variable on a modeled output that considers the expected range of the variable.  Dividing by the 
standard deviation of the respective model output further normalizes results; these normalized 
indices are then comparable between both model outputs and meteorology changes.  They are 
summarized in Table 1. 

Figure 3.  Seasonal water temperature 
sensitivity to changes in air 
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Ice Cover:  It is clear that air temperature is the most significant meteorological input variable 
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affecting ice cover; see Table 1.  The negative sign for air temperature and dew point tempera-
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Table 1.  Model output median sensitivities, ψ , and normalized median sensitivity indices, θ . 

 Meteorology Variableb 
Model Output Variablea aT  dT  w  N  

(1) (2) (3) (4) (5) 

January through December 

Standard Deviation, σ̂ •  ˆ
aTσ  = 11.18 °C ˆ

dTσ  = 11.06 °C ˆwσ  = 1.38 m s-1 ˆ Nσ  = 25.09 % 

T  median sensitivity, ,Tψ •  
( ˆTσ  = 4.61 °C) 

0.48 
°C / °C 

0.31 
°C / °C 

-0.65 
°C / (m s-1) 

-0.057 
°C / % 

, ,T Tψ• = ˆ•  × σθ •  / ˆTσ  1.16 0.74 -0.19 -0.31 

H  median sensitivity, ,Hψ •  
( ˆHσ  = 1.59×1019 cal.) 

2.5 
1018 cal / °C 

1.8 
1018 cal / °C 

-2.9 
1018 cal / (m s-1) 

-0.39 
1018 cal / % 

, ,H Hψ• = ˆ•  × σθ •  / ˆHσ  1.76 1.25 -0.25 -0.61 

E  median sensitivity, ,Eψ •  
( ˆEσ  = 1.26 mm) 

0.09 
mm / °C 

-0.02 
mm / °C 

-0.05 
mm / (m s-1) 

-0.021 
mm / % 

, ,E Eψ• = ˆ•  × σθ •  / ˆEσ  0.80 -0.18 -0.05 -0.42 

I  Median Sensitivity, ,Iψ •  
( ˆ Iσ  = 15.78 %) 

-14.43 
% / °C 

-9.05 
% / °C 

20.40 
% / (m s-1) 

1.39 
% / % 

, ,I Iψ• = ˆ•  × σθ •  / ˆ Iσ  -10.2 -6.34 1.78 2.21 

June through August 

Standard Deviation, σ̂ •  ˆ
aTσ  = 3.36 °C ˆ

dTσ  = 3.67 °C ˆwσ  = 0.99 m s-1 ˆ Nσ  = 23.64 % 

T  Median Sensitivity, ,Tψ •  
( ˆTσ  = 4.14 °C) 

1.07 
°C / °C 

0.77 
°C / °C 

-1.65 
°C / (m s-1) 

-0.215 
°C / % 

, ,T Tψ• = ˆ•  × σ•  / ˆ
wTσ  0.87 0.68 -0.39 -1.23 θ

a  = water temperature, T H  = lake heat content, E  = lake evaporation, and I  = ice cover. 
b  = air temperature,  = dew point temperature, w  = wind speed, and  = cloud cover. aT dT N

ture normalized median sensitivity indices ( , aI Tθ  and , dI Tθ , respectively) indicate that as air and 
dew point temperatures decrease, ice cover increases.  Air temperature is an important parameter 
affecting latent and sensible heat transfer between the lake surface and the atmosphere.  
Decreasing dew point temperature reflects lower humidity, which increases evaporation and 
increases heat loss from the lake, which, in turn, increases ice cover.  Wind speed and cloud 
cover have a much smaller impact on ice cover as indicated by their normalized indices ( ,I wθ  
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and ,I Nθ , respectively).  The positive sign for wind speed and cloud cover indices indicates 
positive changes in these meteorological inputs result in increases in ice cover.  At first, it may 
seem puzzling that an increase in cloud cover would increase ice cover, since an increase in 
cloud cover corresponds to an increase in net long-wave radiation to the lake surface, which 
would increase heat in the lake and decrease ice cover.  However, the incident solar radiation, 

, is a function of cloud cover also; as used by the model, iQ

  (6) (0.355 0.68 1iQ X Né= + -ë )ùû
where X  = cloudless-day insolation.  An increase in cloud cover decreases incident short-wave 
radiation to the lake surface.  The net effect is a general reduction in heat input to the surface, 
lowering the surface temperature and increasing ice cover.  An increase in wind speed 
corresponds to an increase in lake mixing volume and lowering of surface temperature, which 
results in greater ice cover.  However, in a deep lake with a large surface area, such as Lake 
Superior, the effects of ice dynamics and lake hydrodynamics can be important contributing 
factors (e.g., upwelling of warmer waters), reducing ice cover extent.  The evaporation model 
does not include these effects, resulting in the observed relatively small impact of wind speed. 

Water Temperature:  Water temperature increases as air and dew point temperatures increase 
and decreases as wind speed and cloud cover increase.  It is sensitive, in decreasing order of 
importance, to air temperature, dew point temperature, cloud cover, and wind speed, 
respectively; see the normalized median sensitivity indices, ,Tθ • , for January through December 
in Table 1.  Water temperature sensitivity to meteorological inputs, ,Tψ • , is largest in magnitude 
in June, July, and August, the months when summer stratification is established, as illustrated in 
Figures 3 and 4; compare the median sensitivities, ,Tψ • , in Table 1 for the two periods January 
through December and June through August.  However, because the standard deviations of the 
meteorology variables are smaller during June through August than they are during January 
through December, the normalized median sensitivity indices, ,Tθ • , do not reflect the increased 
sensitivity of water temperature to air or dew point temperatures.  Likewise, the influence of 
wind speed and cloud cover on water temperature is greater in June, July, and August then in the 
rest of the year, as reflected by both the median sensitivities ( ,T wψ  and ,T Nψ ) and the normalized 
median sensitivity indices ( ,T wθ  and ,T Nθ ).  In fact, for June through August, cloud cover and not 
air temperature is the most important normalized index in Table 1.  It is followed by air 
temperature, dew point temperature and wind speed in that order.  In the summer, radiation 
dominates the surface energy budget and as cloud cover decreases, solar radiation increases by 
(6) and so does surface water temperature, despite the decrease in net long-wave radiation into 
the lake.  As wind speed increases, surface temperature decreases due to an increase in the 
mixing volume.  As air temperature increases, so does water temperature, as a result of increased 
sensible heat transfer to the water.  Similar results are observed for dew point temperature, since 
increases in dew point represent increases in humidity or decreases in evaporative capacity of the 
overlying air.  As evaporation drops with increasing dew point temperature, cooling of the lake is 
reduced and water temperature rises. 
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Evaporation:  Of the four meteorological inputs, evaporation is most sensitive to air 
temperature; see the normalized median sensitivity indices, ,Eθ • , in Table 1.  Positive air 
temperature changes produce increased evaporation with the largest seasonal sensitivity to air 
temperature in the winter (see Figure 4) when there is maximum evaporation on large Lake 
Superior.  (Lake Superior has maximum stored heat then coupled with cold dry air moving over 
the warm water.)  Evaporation is next most sensitive to cloud cover; increasing cloud cover 
contributes to long-wave radiation additions to the lake and produces increased evaporation.  
Evaporation sensitivity to dew point temperature is seasonal, being positive during the winter 
and slightly negative during the fall; see Figure 4.  (This is one of only three cases where model 
output sensitivity is not uniformly positive or negative throughout the annual cycle; the other two 
are discussed subsequently.)  During most of the year when sensitivity is positive, positive 
changes in dew point temperature reduce evaporation (high dew point implies increased 
humidity and decreased lake evaporation).  A secondary effect, of dew point on emissivity, 
dominates during the fall however, giving rise to the negative sensitivity shown in Figure 4.  
Emissivity is a function of vapor pressure in the air and is given as ( )1 20.53 0.065 ae+  in (3).  
Then, positive changes in dew point temperature imply increased humidity and emissivity which 
result in increased net long-wave radiation (and heat) into the lake, thereby increasing 
evaporation in excess of what is lost by decreased vapor pressure difference between the water 
and the air.  Annual sensitivity to dew point temperature in Table 1 is much smaller than that for 
air temperature because of the seasonal reversal of the impact of dew point temperatures on 
evaporation.  The response of evaporation to wind speed represents a second case where model 
output sensitivity changes sign seasonally; see Figure 4.  During the period October through 
January, positive wind speed changes increase evaporation, but during the period February 
through September, decrease evaporation.  The negative sensitivity results because of wind-
induced mixing in the lake; higher wind speeds increase ice cover, thereby reducing evaporation 
during the winter, and increase the depth of the mixed layer during the summer, thereby lowering 
surface temperature and evaporation then.  Thus, as was the case with dew point temperature, the 
annual sensitivity of evaporation to wind speed in Table 1 is relatively small because of its 
seasonal reversal. 

Heat Storage:  Lake heat storage is relatively less sensitive to input meteorology during the 
winter months because of the formation of ice cover which impedes energy and mass (water 
vapor) transfers between the lake and atmosphere.  Heat storage is most sensitive to changes in 
air temperature followed by changes in dew point temperature; see the normalized median 
sensitivity indices, ,Hθ • , in Table 1.  Positive air temperature changes produce positive heat 
storage changes except during February and March for some of the lower temperatures changes; 
see Figure 6.  This is the third case where model output sensitivity changes sign seasonally.  
During most of the year, for all of the temperature changes investigated here, increases in air 
temperature add heat to the lake.  During February and March, for the lowest temperature 
changes, increases in air temperature decrease ice cover, which allows increased evaporation and 
other surface heat loss, thereby lowering the heat stored in the lake.  Cloud cover changes have 
the next largest impact on lake heat storage.  Reduced cloud cover results in increased heat 
storage because of increases in solar radiation at the lakes surface [see (6)], which is apparently 
larger than the net long-wave radiation losses [see (3)] on an annual basis.  Finally, negative 
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changes in wind speed results in less latent and sensible heat loss to the atmosphere and increases 
in heat storage. 

SUMMARY 

The calibration statistics for surface water temperatures are best at the unchanged meteorology 
(Figure 2) while decreases in  or  and increases in wind speed and cloud cover improve 
some of the ice cover calibration statistics.  This is because calibrations use minimization of root 
mean square error for water temperature, rather than for ice cover, for eight of the ten model 
parameters.  The sensitivity of model outputs to changes in meteorology is approximately linear 
(Figure 4).  There are changes in the sensitivity of model outputs over the annual cycle, e.g. 
surface water temperatures are affected by model inputs most during the summer, and ice cover 
most during the winter.  Ice cover is the most sensitive, of the four model outputs considered 
here, to each meteorology variable (has the highest absolute normalized median index value, 

aT wT

,Iθ • ), followed by lake heat content, surface water temperature, and evaporation, in that order; 
evaporation is slightly more sensitive than surface water temperature to cloud cover.  The annual 
normalized indices for  and  are larger than those for  and  (Table 1) for the units used 
in this study.  Thus, errors in observed values (in the same units) of these two model inputs might 
have a relatively larger impact on model outputs, all other things being equal.  The evaporation 
model is a 1-dimensional (1-D) model; 2-D and 3-D process models might produce different 
sensitivities to model outputs.  This is expected for wind speed; the 1-D model considered here, 
showed only a small impact of wind speed on ice cover.  Finally, synergistic effects of 
considering perturbations of two or more inputs on model outputs, while beyond the scope of this 
study, should be explored. 

aT wT w N
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Abstract  KINEROS2 (K2) is a broadly updated version of the KINEROS kinematic runoff and 
erosion model.  This is physically-based model describing the processes of interception, 
infiltration, runoff generation, erosion, and sediment transport from small agricultural and urban 
watersheds for individual rainfall-runoff events. While KINEROS2 has evolved primarily as a 
research tool it is currently being used in consulting and in a more operational watershed 
assessment context.  This has been facilitated by the incorporation of KINEROS2 into the 
AGWA (Automated Geospatial Watershed Assessment) tool in support of US-EPA landscape 
analysis activities.  This paper will focus on new model features that have not been previously 
presented in the literature. 
   

 
INTRODUCTION 

 
The origin of the KINEROS model routed runoff from hillslopes represented by a cascade of 
one-dimensional overland flow planes contributing laterally to channels dates from the late 
1960’s (Woolhiser, et al., 1970).  Rovey (1974) coupled interactive infiltration to this model and 
released it as KINGEN (Rovey et al., 1977).  After significant validation using experimental 
data, KINGEN was modified to include erosion and sediment transport as well as a number of 
additional enhancements resulting in KINEROS (KINematic runoff and EROSion) which was 
released in 1990 (Woolhiser et al., 1990) and described in some detail by Smith et al. (1995a).  
Subsequent research with, and application of KINEROS, has lead to additional model 
enhancements and a more robust model structure resulting in KINEROS2 (K2).  Here, instead of 
a lengthy written description of K2, general model structure is discussed and two summary 
tables are presented to provide an overview of 1) model element types for watershed 
characterization; and, 2) model representations of hydrological processes.  Supporting 
references, which provide significantly more detail than afforded in this format, are also noted in 
the tables.  Several model features illustrating new capabilities are described in further detail 
with a related example.  The most up to date code and model description is available at 
http://www.tucson.ars.ag.gov/kineros/.  The paper concludes with a brief description of model 
enhancements under development and the AGWA GIS tool developed to build K2 input files and 
execute the model. 
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PRIMARY KINEROS2 MODEL ATTRIBUTES 
 
In K2, the watershed being modeled is characterized by a variety of spatially distributed model 
element types.  The model elements can be configured to effectively abstract the watershed into 
a series of shapes (rectangular overland flow plane, simple and compound trapezoidal channels, 
detection ponds, etc.) which can be oriented so that 1-dimensional flow can be assumed.  A 
typical subdivision, from topography to model elements, of a small watershed in the USDA-ARS 
Walnut Gulch Experimental is illustrated in Figure 1.  Further, user-defined subdivision, can be 
made to isolate hydrologically distinct portions of the watershed if desired (e.g. large impervious 
areas, abrupt changes in slope, soil type, or hydraulic roughness, etc.).  Cascades of overland 
flow elements  (abstracted to regular planar rectangular surfaces) with different widths can be 
formed to approximate converging or diverging contributing areas.  As currently implemented, 
the computational order of the K2 model simulation, must proceed from upslope / upstream 
elements to downstream elements.  This is required to ensure that upper boundary conditions for 
the element being processed are defined. 
 
 

 
 

 
Figure 1.  Process by which topographic data and channel network topology are abstracted into 
the simplified geometry defined by KINEROS2 elements.  Note that overland flow planes are 
dimensioned to preserve average flow length, and therefore planes contributing laterally to 
channels generally do not have widths that match the channel length.  
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Attributes for each of the model elements are summarized in Table 1.  The hydrological 
processes represented in K2, which are pertinent to event-based simulations with intermittent 
rainfall, are summarized in Table 2.   
 
Table 1:  KINEROS2 Model Elements for Representing a Watershed  
Model Element 
Type 

Attributes References 

Overland flow Planes; cascade allowed with varied lengths, widths, and 
slopes; microtopography  

32, 25, 6, 7 

Urban overland Mixed infiltrating/impervious with runoff-runon 25 
Channels Simple and compound trapezoidal 32, 25, 3 
Detention Structures Arbitrary shape, controlled outlet - discharge f(stage) 32, 25, 6, 7 
Culverts Circular with free surface flow 32, 25 
Injection Hydrographs and sedigraphs injected from outside the 

modeled system 
 

 
Table 2:  KINEROS2 Hydrological Process Representation 
Process 
Representation 

Attributes References 

Rainfall Breakpoint, multiple rain gauges, space-time rainfall 
intensity interpolation to centroid of model elements 

32, 25, 5, 8, 
9, 14  

Interception Reduces rainfall intensities to simulate partial areal 
vegetation coverage  

32, 25 

Soil Moisture Externally required initial condition; physically-based 
approximation for the redistribution of soil water during 
a rainfall hiatus 

32, 25, 9, 14, 
23 

Infiltration during 
rainfall 

Smith-Parlange/Green-Ampt; lognormal distribution of 
small scale variability of hydraulic conductivity is 
represented; single or two layer systems to simulate 
infiltration or saturation excess runoff generation   

32, 25, 2, 21, 
22, 28, 29, 

31, 33 

Infiltration during 
rainfall hiatus and on 
recession 

Microtopographic reduction in wetted area;  
recovery of infiltration capacity during a hiatus; and 
modified infiltration rates following a hiatus. 

 
23 

Routing Kinematic wave; interactive with infiltration/erosion; 
treats channel transmission losses with same infiltration 
approximation as in overland elements; Manning’s and 
Chezy roughness 

 
32, 25, 20, 

30, 10 

Erosion and sediment 
transport 

Rain splash and Hydraulic; multiple particle class sizes 
(up to 5 classes); transport by modified Engelund and 
Hansen (1967) 

 
32, 25, 4, 11,  

26, 27 
Base flow User specified in channel elements  
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KINEROS2 Computation Features:  A four-point finite difference solution is utilized to the 
solve routing and erosion partial differential equations in K2 (Woolhiser et al., 1990; Smith et 
at., 1995b).  For each model element a total volume balance is computed as a check for excessive 
numerical error.  A global or watershed volume balance is also computed at the conclusion of the 
simulation.  The time step used for simulation is user-defined but may be reduced internally to 
accommodate rainfall breakpoints, and optionally to satisfy the Courant condition.  The spatial 
step for the finite-difference approximation is based on a user defined characteristic length.  K2 
differs from KINEROS in that there is no limit to the number of model elements that can be used 
to describe a watershed.  The linkage between and computational order of elements must be 
defined by the user, or alternatively the AGWA (Automated Geospatial Watershed Assessment) 
tool can automatically perform this task using a Geographic Information System (GIS) (Miller et 
al., 2002).  In either case the program will report unconnected elements resulting from errors in 
the linkage or computational order. 
 
Soil Infiltration: Several major changes in the soil infiltration treatment within K2 have been 
implemented since the last significant description of the model (Smith et al., 1995a).  These 
include extension from one to two soil layers, microtopography and lognormally distributed 
saturated hydraulic conductivity.  Because these interact with both runoff and erosion dynamics 
a brief description of infiltration treatment and its interactions are presented. 
 
Conceptually, K2 represents a soil as either one or two layers, with a user-defined upper layer 
depth, exhibiting lognormally distributed values of saturated hydraulic conductivity, KS.  The 
surface of the soil exhibits microtopographic variations which are characterized by a mean 
micro-rill spacing and height which is similar in implementation to that of the EUROSEM model 
(Smith et al., 1995b).  This feature is significant in the model, since there is an explicit 
interaction between surface flow and infiltration.  Infiltration may occur from either rainfall 
directly on the soil or from ponded surface water created from previous rainfall excess.  Also 
involved in this interaction, as discussed below, is the small scale random variation of KS. 
 
Basic Infiltrability:  Infiltrability, fc, is the rate at which soil will absorb water (vertically) when 
there is an unlimited supply at the surface.  Infiltration rate, f, is equal to rainfall, r(t), until this 
limit is reached.  K2 uses the Parlange 3-Parameter model for this process (Parlange et. al., 
1982), in which the models of Green and Ampt (1911) and Smith and Parlange (1978) are 
included as the two limiting cases.  A scaling parameter, (, is the third parameter in addition to 
the two basic parameters; saturated hydraulic conductivity, KS, and the capillary length scale, G.  
Most soils exhibit infiltrability behavior intermediate to these two models, and K2 uses a ( value 
of 0.85.   The state variable for infiltrability is the initial water content, in the form of the soil 
saturation deficit, )2i, defined as the saturated water content minus the initial water content.  In 
terms of these variables, the basic model is: 
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The K2 infiltration model employs the infiltrability depth approximation (IDA) from (Smith, 
2002) in which fc is described as a function of infiltrated depth I.  This approach derives from the 
“time compression” approximation earlier suggested by Reeves and Miller (1975): time is not 
compressed but I is a surrogate for time as independent variable. This form of infiltrability model 
eliminates the separate description of ponding time and the decay of f after ponding.  
 
Small-scale Spatial Variability:  The infiltrability model of K2 incorporates the coefficient of 
variation of KS, CVK, as described by Smith and Goodrich (2000).  Assuming that KS is 
distributed log-normally, there will for all normal values of rain intensity r be some portion of 
the surface for which r < KS.  Thus for that area there will be no potential runoff.  Smith and 
Goodrich (2000) simulated ensembles of distributed point infiltration and arrived at a function 
for infiltrability which closely describes this ensemble infiltration behavior: 
 

( ) ( )f r
r

ee e
e I

c c

e
e

* *
*

/

*( ) ,*= + − +
−

−
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
>

−

1 1 1
1

1

1

γ
γ r 1    (2) 

 
in which f e * and r e * are infiltrability and rain rate scaled on the ensemble effective asymptotic 
KS value.  This effective ensemble Ke is the appropriate KS parameter to use in the infiltrability 
function for an ensemble, and is a function of CVK and r e *; the ratio of r to ensemble mean of 
KS defined as >(K).  Smith and Goodrich (2000) describe how effective Ke drops significantly 
below >(K) for low relative rain rates and high relative values of CVK.   
 
 

 
 
Figure 2. a)  Comparison of infiltrability function with and without consideration of randomly 
varying Ks, b) Assumed relation of covered surface area to scaled mean water depth.  Parameter 
hc is the microtopographic relief height and d is the mean microtopographic spacing.  
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Equation 2 also scales I by the parameter pair G)2i.  The additional parameter c is a function only 
of CVK and the value of r.  There is evidence in watershed runoff measurements (Smith and 
Goodrich, 2000) that this function is more appropriate for watershed areas than the basic 
(uniform Ks) relation of Equation 1.  Figure 2a compares Equation 2 for CVK = 0.8 to Equation 
1, in which CVK is implicitly zero.  Note that equation 2 does not have a unique ponding point, 
but rather exhibits a gradual evolution of runoff as more of the area contributes excess 
infiltration, and thus Equation 2 describes infiltration rate rather than infiltrability. 
 
Infiltration with Two-layer Soil Profiles:  For a soil with two layers, either layer can be flow 
limiting and thus can be the infiltration control layer, depending on the soil properties, thickness 
of the surface layer, and the rainfall rate.  There are several possibilities, most of which have 
been discussed by Corradini, et al. (2000) and Smith et al. (1993).  KINEROS2 attempts to 
model all cases in a realistic manner, including the redistribution of soil water during periods 
when r is less than Ks and thus runoff is not generated from rainfall.  
  
Upper Soil Control:  For surface soil layers that are sufficiently deep, the case where r > KS1  
resembles a single soil profile.  However, when the wetting front reaches the layer interface, the 
capillary drive parameter and the effective value of KS for equation 1 must be modified.  The 
effective parameters for this case have been discussed by Smith (1990).  The effective KS 
parameter, K4, is found by solving the steady unsaturated flow equation with matching values of 
soil capillary potential at the interface.  This effective conductivity (K4) is independent of the 
effective ensemble conductivity (Ke) defined above.  If user-defined spatial variability of KS is 
used (CVK > 0), K4 may be modified to reflect the spatial variability. 
 
Lower Soil Control:  When the condition KS1 > r > KS2 occurs, the common runoff mechanism 
called saturation runoff may occur.  K2 treats the limitation of flow through the lower soil by 
application of Equation 1 or 2 to flow through the layer interface, and when that water which 
cannot enter the lower layer has filled the available pore space in the upper soil, runoff is 
considered to begin.  The available pore space in the upper soil is the initial deficit )21i less rain 
water in transit through the upper soil layer.  For reasonably deep surface soil layers, it is 
possible for control to shift from the lower to the upper if the rainfall rate increases to 
sufficiently exceed KS1 before the surface layer is filled from flow limitations into the lower 
layer.   
 
An example of runoff generation from a single and two-layer soil profile is illustrated in Figure 
3.  Both the single layer profile and the upper soil layer in the two-layer profile have identical 
porosity and saturated hydraulic conductivity. The shallow top layer in the two-layer case has 
significantly more available pore space to store and transmit infiltrated water than the lower, less 
permeable layer.  Note that the burst of rainfall occurring at roughly 850 minutes into the event 
produces identical Hortonian runoff from both profiles for approximately 40 minutes. The 
wetting front has not yet reached the lower layer in the two-layer profile, and runoff is produced 
by rainfall excess.  The long, low-intensity period of rainfall between 950 and 1850 minutes is 
fully absorbed by both soil profiles but is effectively filling the available pore space in the 
shallow upper layer of the two-layer profile.  When the rainfall intensity increases at 
approximately 1850 minutes to around 5 mm/hr (r < Ks of the upper soil layer), runoff is 
generated via saturation excess from the upper layer in the two-layer system because the lower 
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layer is limiting infiltration.   The single layer profile again generates runoff via rainfall excess 
when the rainfall intensity increases (at ~2010 min.) above the infiltrability of the soil.  It should 
be noted that, at this time, K2 does not treat lateral flow along the interface of the two soil layers. 
 
Redistribution and Initial Wetting:   Rainfall patterns of all types and rainfall rates of any 
value should be accommodated realistically in a robust infiltration model.  This includes the 
effect on runoff potential of an initial storm period of very low rainfall rates, and the reaction of 
the soil infiltrability to periods within the storm of low or zero rainfall rates.  K2 simulates the 
wetting zone changes due to these conditions with an approximation described by Smith et al. 
(1993) and Corradini et al. (2000).  Briefly, the wetting profile of the soil is described by a water 
balance equation in which the additions from rainfall are balanced by the increase in the wetted 
zone value of 2 and the extension of the wetted zone depth due to the capillary drive of the 
wetting front.  The soil wetted shape is treated as a similar shape of depth Z with volume ∃Z(2o - 
2i) where ∃ is a constant scale factor defined in Smith et al. (1993).  Space does not permit 
detailed description here, but the method is applicable to prewetting of the soil as well as the 
decrease in 2o during a storm hiatus.  It is also applicable, with modification, to soils with two 
layers. 
 

 
 
Figure 3: Example simulation for a single and two-layer soil exhibiting infiltration and 
saturation excess runoff generation. 
 
Interactions of Surface Water Flow and Erosion:  Figure 2b presents the conceptual relation 
used in KINEROS2 to describe the relation of relative area covered by surface water to effective 
mean hydraulic depth, hm.  This effective depth is the cross sectional area of flow divided by the 

 7



width of the element.  The relation here is scaled, and the maximum topographic relief, hc, is a 
parameter that can be user-defined.  Infiltration from the portion of the surface covered by water 
proceeds at the infiltrability rate, and the remaining area will have a value of f determined by the 
rainfall rate.  Thus infiltration proceeds during recession flows depending on the micro-
topography.  The infiltration model may also be applied to dry channels subject to inflow 
regardless of the relation of channel KS to rainfall rate.  By default, channels are treated as linear 
features without area, but rainfall on channels can be modeled if it is considered significant.  The 
user should be aware that the channel areas will then contribute to the total watershed area, so 
adjacent overland flow elements may have to be reduced by the area of the channel to maintain 
the same overall watershed area.  Moreover, when small scale variation of KS is described by a 
value of CVK, the portion of the surface covered with water is simply the ensemble mean of KS 
[>(K)] (independent of r) and the remainder is subject to an effective value determined by CVK 
and relative r.    
 
The treatment of infiltration and microtopography also interacts with erosion as the effective 
mean hydraulic depth and related velocity drive the hydraulic erosion component.  Note that the 
K2 concept of microtopography does not directly define rill and interrill regions.  The local 
erosion/deposition rate is determined by two independent erosion processes: rainsplash erosion, 
which is dependent on the rain rate and water depth, and net hydraulic erosion, the removal or 
deposition of material by flowing water.  Because rills and interrills are often defined in differing 
ways, KINEROS2 does not explicitly separate “rill” and “interrill” processes (Smith et al., 
1995b).  Both processes can occur simultaneously in shallow flow as splash erosion can occur on 
the sides of rills and in rills when flow is sufficiently shallow so that raindrop momentum is 
transmitted to the soil surface. 
 
Urban Element:  The urban element represents a composite of up to six overland flow areas 
(Figure 4), including various combinations of pervious and impervious surfaces, contributing 
laterally to a paved, crowned street.  This type of model element was conceived to provide an 
aggregate representation of a typical residential or urban block.  This aggregate model 
representation is offered as an alternative to describing each roof, driveway, lawn, sidewalk, etc., 
as individual model elements.  The urban element can receive upstream inflow (into the street) 
but not lateral inflow from adjacent urban or overland flow elements.  The relative proportions of 
the six overland flow areas are specified as fractions of the total element area.   
 

 
 

Figure 4.  Layout of urban element showing all six possible contributing areas. 
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For example, aerial photography of a typical residential block might be used to estimate the 
following  percentage areas of infiltrating and impervious surfaces.  Infiltrating area flowing 
directly into the street (left most strip in Figure 4); impervious area flowing directly into the 
street (second strip from left in Figure 4); or impervious area flowing into an infiltrating area 
before entering the street (third strip from left in Figure 4) and so on.  It is not required to have 
all six types, but intervening connecting areas must be present if the corresponding indirectly 
connected  area  is specified.  The element is modeled as rectangular. 
 
Compound Channel:  A compound trapezoidal channel is obtained from two independent 
kinematic equations describing a parallel pair of channels, each with its own hydraulic and 
infiltrative characteristics.  For each channel, the geometric relations for cross-sectional area of 
flow A and wetted perimeter P are expressed in terms of the same depth, h, whose zero value 
corresponds to the level of the lower-most channel segment (Figure 5).    Note that the wetted 
perimeters do not include the interface where the two sections join, i.e., this constitutes a 
frictionless boundary (dotted vertical line).  There is no need to explicitly account for mass 
transfer between the two channels, as it is implicit in the common depth (level water surface) 
requirement.  However, for exchange of suspended sediment, a net transfer rate qt is recovered 
via a mass balance after computation of h at the advanced time step. 
 

 
 
Figure 5.  Basic compound channel cross section geometry. 
 
 

ONGOING DEVELOPMENTS AND CONCLUSIONS  
 

Ongoing Developments:  The Fortran 77 code is currently being modified to take advantage of 
Fortran 90/95 features and will also be restructured so that the user interface is completely 
uncoupled from the model itself.  K2 will communicate with the user interface through a 
collection of functions and subroutines.  This will simplify the maintenance and continued 
development of the computational core, as well as the use of more powerful, non-Fortran 
development tools when building a graphical user interface.  It will also provide the option of 
supporting one or more of the standardized object interface specifications, such as COM, 
CORBA or SOAP.  An additional requirement is that the new version be backward-compatible 
in the sense that it will run with preexisting input files. 
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The USDA-ARS Southwest Watershed Research Center, in cooperation with the U.S. EPA 
Office of Research and Development, Landscape Ecology Branch, has developed the AGWA 
(Automated Geospatial Watershed Assessment) GIS tool to automate input parameter file 
creation for KINEROS2 and SWAT (Arnold et al., 1994), execute the models, and spatially 
display model results.  AGWA is packaged as an ArcView 3.x extension and uses widely 
available standardized spatial datasets that can be obtained via the internet.  A separate paper 
describing AGWA in more detail is also a part of the 2002 Federal Interagency Hydrologic 
Modeling Conference proceedings (Miller et al., 2002).  In addition, the AGWA web site can be 
accessed at: http://www.tucson.ars.ag.gov/agwa/ and an example of its successful application is 
presented in Hernandez et al. (2000). 
 
With K2 – GIS coupling completed via AGWA, the next major objective is to couple the event-
based K2 storm model to an interstorm model to effectively make K2 a continuous hydrologic 
simulation model.  An interstorm model being considered is presented by Nouvellon et al. 
(2001).  The model is capable of tracking soil moisture evolution (an initial condition required 
by the current K2 model prior to a rain storm), of assimilating remotely sensed data, and 
simulating desert grassland plant growth.  A final modification is the incorporation of a more 
complex channel routing algorithm is being explored to handle diffusion waves and channel 
morphology changes due to erosion and sediment deposition. 
 
Conclusions:  The KINEROS2 model has evolved over several decades with a user base in 
excess of 500 individuals and projects worldwide.  The model has been more widely applied in 
semiarid watersheds where infiltration excess runoff generation dominates.  Wider applicability 
to more humid regions is anticipated with the addition of two-layer soil systems. The new feature 
has been tested extensively in an intensively characterized field study.  The model has 
demonstrated its ability to simulate both observed watershed hydrologic and erosion/sediment 
response in a variety of circumstances (Rovey et al., 1977; Zevenberger and Peterson, 1988; 
Goodrich, 1990; Smith et al., 1995a and 1995b; Smith et al., 1999; and Houser et al., 2000, 
among others).  It is also anticipated that K2 model use will be made substantially easier with the 
coupling of K2 within the AGWA geospatial watershed assessment tool.  However, it is still 
worth reiterating that, ease of model application, and additional model complexity do not 
necessarily imply better and more accurate models.  As Smith et al. (1994) noted, our ability to 
develop accurate physically based models is very good for very limited scales (1-10 m2) but our 
ability to accurately measure and model spatial heterogeneity at larger scale remains the Achilles 
heel of watershed modeling.  Our computational modeling capabilities have far outstripped our 
ability to measure and estimate spatially distributed hydrologic parameters over large areas.  
Without a greater emphasis on collection and analysis of field data we feel that hydrologic 
modeling advances will be marginal at best. 

 
 

REFERENCES 
 

1. Arnold, J. G., Williams, J. R., Srinivasan, R., King, K. W. and Griggs, R. H., 1994,  SWAT-
Soil Water Assessment Tool. USDA, Agricultural Research Service, Grassland, Soil and 
Water Research Laboratory, Temple, Texas. (http://www.brc.tamus.edu/swat/)   

 10

http://www.tucson.ars.ag.gov/agwa/


2. Corradini, C., Melone, F., and Smith, R.E., 2000, Modeling local infiltration for a two-
layered soil under complex rainfall patterns. Journal of Hydrology, 237(1-2), 58-73. 

3. El-Shinnawy, I. A., 1993, Evaluation of transmission losses in ephemeral streams.  Ph.D. 
Disseration, Dept. of Civil Engineering, Univ. of Arizona, Tucson, AZ. 329 pp. 

4. Engelund, F., and Hansen, E. 1967,  A Monograph on Sediment Transport in Alluvial 
Streams, Teknisk Forlag, Copenhagen, 62 pp. 

5. Faurès, J. M., Goodrich, D. C., Woolhiser, D. A., and Sorooshian, S., 1995,  Impact of small- 
scale spatial rainfall variability on runoff simulation.  J. Hydrology 173(1995):309-326. 

6. Garbrecht, J. D., Martz, L. W., and Goodrich, D. C., 1996, Subcatchment parameterization 
for runoff modeling using digital elevation models.  Conf. Proc. North American Water 
and Environment Congress ‘96, C. Bathala, (Ed.), Anaheim, Calif., June 22-28, pp. 
2689-2694, (CD_ROM: Electronic Book, ASCE, 0_7844_0166_7). 

7. Garbrecht, J., Goodrich, D.C., Martz, L.W., 1999, Methods to quantify distributed 
subcatchment properties from DEMS. Proc., AGU Hydrology Days, Ft. Collins, CO, 
Aug. 16-20, pp. 149-160. 

8. Goodrich, D. C., 1990,  Geometric simplification of a distributed rainfall-runoff model over a 
range of basin scales.  University of Arizona, Tucson,  361 p. 

9. Goodrich, D. C., Schmugge, T. J., Jackson, T. J., Unkrich, C. L., Keefer, T. O., Parry, R., 
Bach, L. B., and Amer, S. A., 1994,  Runoff simulation sensitivity to remotely sensed 
initial soil water content. Water Resources Research 30(5):1393-1405. 

10. Goodrich, D. C., Lane, L. J., Shillito, R. A., Miller, S. N., Syed, K. H., and Woolhiser, D.A., 
1997,  Linearity of Basin Response as a Function of Scale in a Semi-Arid Watershed, 
Water Resources Research 33(12):2951-2965. 

11. Govers, G.  1990, Empirical relationships for the transport capacity of overland flow.  
Erosion, Transport and Deposition Processes (Proc. Jerusalem Workshop, March-April 
1987). IASH Pub. No. 189, pp. 45-63. 

12. Green, W. H., and Ampt, G., 1911,  Studies of soil physics, Part I. The flow of air and water 
through soils,  J. Agric. Sci., 4:1-24. 

13. Hernandez, M., Miller, S. N., Goodrich, D. C., Goff, B. F., Kepner, W. G., Edmonds, C. M., 
and Jones, K. B., 2000, Modeling Runoff Response to Land Cover and Rainfall Spatial 
Variability in Semi-Arid Watersheds. J. Environmental Monitoring and Assessment, 
September, p. 289-298. 

14. Houser, P. R., Goodrich, D. C., and Syed, K. H., 2000,  Runoff, precipitation, and soil 
moisture at Walnut Gulch, Chapter 6, in Spatial Patterns in Hydrological Processes: 
Observations and Modeling, Cambridge Univ. Press, p. 125-157. 

15. Miller, S. N., Miller, R. C., Semmens, D. J., Hernandez, M., Miller, W. P., Goodrich, D. C., 
Kepner, W. G., Ebert, D., 2002, GIS-based hydrologic modeling: The Automated 
Geospatial Watershed Assessment Tool. Proc. 2nd Federal Interagency Conf. on 
Hydrologic Modeling, July 29-Aug. 1, Las Vegas, NV. (this issue) 

16. Nouvellon, Y., Moran, M. S., Lo Seen, D., Bryant, R., Rambal, S., Ni, W., Begue, A., 
Chehbouni, A., Emmerich, W. E., Heilman, P., Qi, j., 2001. Coupling a grassland     
ecosystem model with Landsat imagery for a 10-year simulation of carbon and water 
budgets. Remote Sensing of Environment, 78(2001):131-149. 

17. Parlange, J.-Y., Lisle, I., Braddock, R.D., Smith,  R.E.,  1982, The three-parameter 
infiltration equation. Soil Science, 133(6), 337-341. 

 11



18. Reeves, M., and Miller, E. E., 1975, Estimating infiltration for erratic rainfall.  Water 
Resources Research, 11(1):102-110. 

19. Rovey,  E. W., 1974, A kinematic model for upland watersheds. M.S. Thesis, Colorado State 
Univ., Ft. Collins, 119 p. 

20. Rovey, E. W., Woolhiser, D. A., and Smith, R. E., 1977, A distributed kinematic model for 
upland watersheds. Hydrology Paper No. 93, Colorado State University, 52 p. 

21. Smith, R.E., 1990,  Analysis of infiltration through a two-layer soil profile. Soil Science 
Society of America Journal, 54(5), 1219-1227.  

22. Smith, R.E., 2002, Infiltration Theory for Hydrologic Applications. Water Resources 
Monograph Series, American Geophysical Union, Washington, DC, (in press) 

23. Smith, R.E., Corradini, C., and Melone, F., 1993, Modeling infiltration for multistorm runoff 
events. Water Resources Research, 29(1), 133-144.  

24. Smith, R. E., Goodrich, D. C., Woolhiser, D. A., and Simanton, J. R., 1994,  Comment on 
"Physically based hydrologic modeling 2: Is the concept realistic" by R. B. Grayson, I. 
D. Moore, and T. A. McMahon.  Water Resources Research 30(3):851-854. 

25. Smith, R. E., Goodrich, D. C., Woolhiser, D. A., and Unkrich, C. L.  KINEROS - A 
kinematic runoff and erosion model, 1995a,  Chap. 20 of Computer Models of 
Watershed Hydrology, (Ed. by Singh, V. J.) Water Resources Pub., Highlands Ranch, 
Colo., pp. 697-732. 

26. Smith, R. E., Goodrich, D. C., and Quinton, J. N., 1995b,  Dynamic, distributed simulation of 
watershed erosion: The KINEROS2 and EUROSEM models.  J. Soil and Water Cons. 
50(5):517-520. 

27. Smith, R. E., Goodrich, D. C., and Unkrich, C. L., 1999,  Simulation of selected events on 
the Catsop catchment by KINEROS2: A report for the GCTE conference on catchment 
scale runoff models. Catena, 37(3-4):457-475. 

28. Smith, R.E., and Goodrich, D.C., 2000, Model for rainfall excess patterns on randomly 
heterogeneous areas, Journal of Hydrologic Engineering, ASCE, 5(4):355-362. 

29. Smith, R.E., and Parlange, J.-Y., 1978, A parameter-efficient hydrologic infiltration model,  
Water Resources Research, 14(3), 533-538.  

30. Woolhiser, D. A., Hanson, C. L., and Kuhlman, A. R., 1970, Overland flow on rangeland 
watersheds. J. of Hydrology (New Zealand), 9(2):336-356. 

31. Woolhiser, D. A., and Goodrich, D. C., 1988, Effect of storm rainfall intensity patterns on 
surface runoff.  J. Hydrology 102:335-354. 

32. Woolhiser, D. A., Smith, R. E., and Goodrich, D. C., 1990,  KINEROS - A kinematic runoff 
and erosion model; documentation and user manual.  USDA-ARS, Pub. ARS-77, 130 p.   

33. Woolhiser, D. A., Smith, R. E., and Giraldez, J.-V., 1996, Effects of spatial variability of 
saturated hydraulic conductivity on Hortonian overland flow, Water Resources 
Research, 32(3):671-678. 

34.  Zevenberger, L. W., and Peterson, M. R., 1988, Evaluation and testing of storm-event 
hydrologic models.  Proc. ASCE Nat. Conf. on Hydraulic Engr., Colo. Springs, CO, 
Aug. 6-12., p. 467-472. 

 12



BIAS IN RUNOFF PARAMETER ESTIMATION  
INDUCED BY RAINFALL DATA 

 
Timothy D. Straub, Hydrologist, U.S. Geological Survey, Urbana, Illinois; 

Ronald J. Bednar, Student Trainee, U.S. Geological Survey, Urbana, Illinois 
tdstraub@usgs.gov 

221 North Broadway 
Urbana, IL  61801 

Phone: 217-344-0037 
Fax: 217-344-0082 
il.water.usgs.gov 

 
Abstract 
Studies in Du Page County, Illinois found that a rainfall-runoff parameter set calibrated 
on the basis of the National Oceanic and Atmospheric Administration (NOAA) 
precipitation-gage network (non-recording and weighing bucket gages) could not be 
applied with data collected from a U.S. Geological Survey (USGS) tipping-bucket rain-
gage network.  The average yearly, average monthly, and average storm-event periods 
simulated based on USGS rainfall data in the hydrologic simulation model calibrated 
with NOAA rainfall data were consistently low compared to simulation results based on 
the NOAA data and recorded flows.  Multiplying the hourly USGS rainfall data by a 
factor within the hydrologic simulation model aligned the USGS simulated results with 
simulated results using the NOAA data for all periods. Other than applying a constant 
correction factor, there is no evidence that seasonal or wind induced corrections are 
needed for the USGS rainfall data used in model simulation to better match the simulated 
results based on NOAA data.   

 
INTRODUCTION 

Hydrologic models often are calibrated using rainfall and streamflow data to facilitate 
simulation of the amount of runoff that will result from a watershed.  A consistent record 
of rainfall data is vital to the accuracy of model simulation.  Troutman (1983) has shown 
that the calibration process transfers errors and uncertainties in the data to the model 
parameters in the form of bias in the parameter values (i.e. deviation from true values).  
However, because of the curve-fitting properties of the calibration process, estimation 
performance of the model based on erroneous data and biased parameters is not greatly 
different from that using true data and parameter values in the range of the data.  
Therefore, accurate simulations can be obtained as long as the errors and uncertainties in 
the input data are similar to (consistent with) the errors and uncertainties in the data used 
to calibrate the model.  This technical note provides a clear illustration of the magnitude 
of the simulation problems that can result when a model calibrated to one data set is 
applied using a different data set.  Also, results indicate that it may be possible to develop 
a simple correction factor for the non-calibration data set to yield accurate simulation 
results. 
 
Previous studies in Du Page County found that a rainfall-runoff parameter set calibrated 
on the basis of the NOAA precipitation-gage network (weighing bucket and non-
recording gages) could not be applied with data collected from the USGS tipping-bucket 

1 



rain-gage network (Tom Price, Northeastern Illinois Planning Commission (NIPC), 
written commun., 1997).  A statistically significant difference was found between rainfall 
totals collected from USGS and NOAA precipitation-gage networks in and near Du Page 
County, Illinois (Straub and Parmar, 1998).  

 
DATA COLLECTION AND PREPARATION METHODS 

Ten tipping-bucket rain gages from the USGS rain-gage network were used in this study.  
Hourly rainfall totals from April 1990 to October 1993 were used as model input for the 
analysis of simulated runoff.  The reciprocal distance squared method was used to 
estimate periods of missing record (U.S. Department of Commerce, 1972).  Thiessen 
polygons were drawn to determine the area of influence of each of the 10 rain gages.  
Unheated tipping-bucket rain gages do not accurately record snowfall.  For this reason, 
data from each USGS tipping-bucket rain gage were replaced with data from the nearest 
NOAA precipitation gage (U.S. Department of Commerce, 1990-1993) during periods of 
snowfall.  Snowfall was determined using NOAA precipitation data published by the 
National Climatic Data Center (NCDC) (U.S. Department of Commerce, 1990-1993). 
 
NOAA meteorological data were obtained from the NCDC and compiled for model input 
by NIPC.  A summary of the meteorological data used in the model is presented by Price 
(1994b).   
 
Streamflow data from seven stream gages were used to compare simulated rainfall-runoff 
results with the measured streamflow.  Hourly streamflow data from April 1990 to 
October 1993 were used in the analysis.    Land-cover data for the seven simulated 
watersheds were obtained from the Du Page County Department of Environmental 
Concerns.  

 
SIMULATION METHODS 

NIPC Simulation Methods 
The Hydrological Simulation Program – Fortran (HSPF) continuous hydrologic 
simulation model (Bicknell and others, 1993) was calibrated to data collected at four 
streamflow gages in Du Page County (Price, 1994a).  The calibrated model was then 
verified with data from 10 streamflow gages in Du Page County (Price, 1994b).   The 
results of the verification and calibration have been updated, but not formally published 
at the time of this study.  Rainfall data from five NOAA precipitation gages (four non-
recording and one weighing-bucket gage) and one weighing-bucket gage at Argonne 
National Laboratory were used as input data in the model for both the model calibration 
and verification.  The updated verification results were obtained from Tom Price, NIPC, 
for comparison with simulation results based on USGS rainfall data. 
 
USGS Simulation Methods 
The calibrated HSPF model for DuPage County, updated by NIPC, was used as the 
hydrologic simulation model.  The rainfall data input was the only difference between the 
USGS simulation and the NIPC simulation.  The USGS simulation was based on data 
collected from the 10 USGS tipping-bucket rain gages in and near Du Page County.  Both 
the type of rain gages and the rain-gage network densities (10 USGS gages and 6 NOAA 
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gages) differed.  The simulated time period was from April 1, 1990, to September 30, 
1993.  Antecedent conditions for April 1, 1990, were computed using NOAA rainfall data 
from October 1, 1988, to March 31, 1990, as input to the model.  Simulation results from 
April 1, 1990, to September 30, 1990, were not used in the analysis so that the effect of 
the initial conditions using the NOAA rainfall data would be minimized. 
 
 

RAINFALL-RUNOFF SIMULATION RESULTS 
The magnitude of the difference between simulated and recorded flow was compared 
simply by calculating the simulated to recorded ratio (S/R) ((calculated as 
averageSi/averageRi) for all stream gages “i”) for per unit-area values ((m3/s)-day/km2) 
of annual, monthly, and event runoff.  
 
Annual S/R 
The S/R value for average annual flow from October 1, 1990, to September 30, 1993 
using USGS rainfall data in the hydrologic simulation model calibrated with NOAA 
rainfall data was 0.84 (table 1).  Multiplying the hourly USGS rainfall data by 1.14 within 
the hydrologic simulation model improved the S/R for average annual flow to 1.00 (table 
1).  A factor of 1.14 was chosen based on the results of Straub and Parmar (1998).  The 
adjusted USGS rainfall data produce simulated results comparable to the simulated 
results using NOAA rainfall data, which yield an S/R value of 0.97 for average annual 
flow (table 1).  
 
TABLE 1: Average annual flow comparisons for seven watersheds in Du Page 
County, Illinois 

1 2 3 4 5 6 7 8 
  Average   Average   Average   
  Simulated   Simulated   Simulated   
 Average Flow Using   Flow Using   Flow Using  
 Measured USGS S/R USGS (11.14) S/R NOAA S/R 
 Flow Rainfall Data for  Rainfall Data for  Rainfall Data for  
 

Year 
((m3/s)-

day/km2)  
*10-2 

((m3/s)-
day/km2)  

*10-2 

Column 3 ((m3/s)- 
day/km2)  

*10-2 

Column 5 ((m3/s)-
day/km2)  

*10-2 

Column 7 

1991 1.63 1.25 0.77 1.49 0.91 1.39 0.85 
1992 1.36 1.19 0.88 1.39 1.03 1.33 0.98 
1993 2.19 1.89 0.87 2.29 1.05 2.26 1.04 

Average 1.72 1.44 0.84 1.72 1.00 1.66 0.97 
1 USGS rainfall data multiplied by 1.14 
 
Monthly S/R 
The S/R values for average monthly flow for each month using USGS rainfall data in the 
hydrologic simulation model calibrated with NOAA rainfall data are shown in table 2.  
The S/R values for average monthly flow obtained by multiplying the hourly USGS 
rainfall data by 1.14 within the hydrologic simulation model also are shown in table 2.  
The adjusted USGS rainfall data produce simulated results comparable to the simulated 
results using NOAA rainfall data for S/R values for average monthly flow (table 2—
columns 6 and 8).  

3 



TABLE 2: Average monthly flow comparisons (Water Years11990-93) for seven 
watersheds in Du Page County, Illinois 

1 2 3 4 5 6 7 8 
  Average  Average   Average   
  Simulated Simulated   Simulated   
 Average Flow Using  Flow Using   Flow Using  
 Measured USGS S/R USGS (21.14) S/R NOAA S/R 
 Flow Rainfall Data for  Rainfall Data for  Rainfall Data for  
 

Month 
((m3/s)-

day/km2)  
*10-2 

((m3/s)- 
day/km2)  

*10-2 

Column 3 ((m3/s)- 
day/km2)  

*10-2 

Column 5 ((m3/s)- 
day/km2)  

*10-2 

Column 7 

January 1.73 1.54 0.89 1.74 1.01 1.75 1.01 
February 1.24 0.87 0.70 0.93 0.75 0.94 0.76 
March 2.38 2.20 0.92 2.69 1.13 2.51 1.05 
April  3.28 2.31 0.70 2.78 0.85 2.67 0.81 
May 1.53 1.29 0.84 1.52 0.99 1.26 0.82 
June 1.57 1.25 0.79 1.52 0.97 1.73 1.10 
July 1.14 1.05 0.92 1.20 1.05 1.14 1.00 
August 0.93 0.84 0.90 0.94 1.01 0.96 1.03 
September 1.22 1.01 0.83 1.22 1.00 1.30 1.07 
October 1.36 1.31 0.96 1.55 1.14 1.40 1.03 
November 2.46 2.02 0.82 2.61 1.06 2.33 0.95 
December 1.85 1.63 0.88 1.97 1.06 1.94 1.05 
1 The water year is the 12-month period from October 1 through September 30 and is designated by the 
calendar year in which it ends and includes 9 of the 12 months. 
2 USGS rainfall data multiplied by 1.14  
 
Event S/R 
Multiple-day storm events (41 events for the 7 watersheds (4 to 9 events per watershed)), 
selected by NIPC, throughout water years 1990-93 were extracted from the NIPC and 
USGS simulation results.  The S/R results for these events are shown in table 3.  The S/R 
value for average event flow using USGS rainfall data in the hydrologic simulation 
model calibrated with NOAA rainfall data was 0.76 (table 3).  Multiplying the hourly 
USGS rainfall data by 1.14 within the hydrologic simulation model improves the S/R for 
average event flow to 1.00 (table 3). The adjusted USGS rainfall data produce simulated 
results comparable to the simulated results using NOAA rainfall data, which yield an S/R 
value of 0.99 for average event flow (table 3).  
 
TABLE 3: Average event flow comparisons for seven watersheds in Du Page 
County, Illinois 

1 2 3 4 5 6 7 
 Average   Average   Average   
 Simulated   Simulated   Simulated  

Average Flow Using   Flow Using   Flow Using  
Measured USGS S/R USGS (11.14) S/R NOAA S/R 

Flow Rainfall Data for  Rainfall Data for  Rainfall Data for  
((m3/s)-

day/km2)  
*10-2 

((m3/s)-
day/km2)  

*10-2 

Column 2 ((m3/s)- 
day/km2)  

*10-2 

Column 4 ((m3/s)-
day/km2)  

*10-2 

Column 6 

41.49 31.62 0.76 41.52 1.00 40.90 0.99 
1 USGS rainfall data multiplied by 1.14  
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Seasonal Variations 
Seasonal variations in simulated flow were analyzed to determine if seasonal adjustment 
factors would be more appropriate in model simulation than applying one factor for the 
entire year.  No difference is apparent between the NOAA S/R variation and the USGS 
S/R variation throughout the year (figs. 1 and 2).  The primary difference between the 

NOAA S/R and USGS S/R variation is the consistently lower USGS S/R.  
 
 
FIGURE 1: Monthly S/R for each         FIGURE 2: Monthly S/R for each 

            stream gage using USGS rainfall data        stream gage using NOAA rainfall data 
 
Wind Effect 
Wind blowing on certain orifice types and at different heights can reduce the amount of 
catch in a rain gage (Sevruk, 1996).  Because the USGS rain gages used in the study have 
a different orifice type and are, on average, installed approximately 1.2 m higher than the 
NOAA precipitation gages, wind effect was analyzed for the event simulations.  The 
wind effect was used to determine a correlation between wind and the difference between 
simulations based on the USGS and NOAA rain-gage networks (fig. 3).  Hourly wind 
data from O’Hare International Airport in Chicago were averaged for each event only 
during the time when it was raining.   No apparent correlation was found between the 
O’Hare wind data and the simulated differences between the use of USGS and NOAA 
rainfall data for each storm event. 
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FIGURE 3: NOAA and USGS simulation differences compared with average wind 
speed at O’Hare International Airport during the storm event and percent 
difference between NOAA and USGS event simulation. 
 

CONCLUSIONS 
Two area average precipitation field estimates over Du Page County differ by 
approximately 14 percent depending upon the network used.  The S/R for average yearly, 
average monthly, and average event periods simulated using USGS rainfall data in the 
hydrologic simulation model calibrated with NOAA rainfall data is consistently below 1.  
The use of different input data (USGS) resulted in underestimated annual flow by about 
13 percent, of monthly flow between 6 and 21 percent, and in storm runoff of about 23 
percent relative to the use of the NOAA input data, which are consistent with the 
calibration data set.  In this case, the bias in the simulation results could be removed by 
applying a simple correction factor to the different input data (USGS).  Multiplying the 
hourly USGS rainfall data by 1.14 within the hydrologic simulation model improves the 
S/R and aligns simulated results with simulated results obtained using NOAA rainfall 
data for annual, monthly, and storm-event data.  No difference is apparent between the 
NOAA S/R variation throughout the year and the USGS S/R variation. Therefore, there is 
no evidence that a season-dependent factor is needed to better align USGS simulated 
results with the simulated results based on NOAA data.  No correlation is apparent 
between the O’Hare wind data and the USGS and NOAA simulation differences for each 
storm event.  The wind effect on the catch of the gages is small for liquid precipitation 
(Larsen and Peck, 1974, Sevruk, 1982).  A wind-dependent correction factor is not 
needed to better match USGS simulated results with the simulated results based on 
NOAA data  (when all snowfall events were measured by the NOAA gages instead of 
USGS gages).   The differences in the area-average precipitation field estimates can be 
explained by three factors, sampling errors (Habib and others, 2001), difference in gages 
(Sevruk, 1996; Groisman and others, 1999), and different gage sites distribution 
(Troutman, 1983). 
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Abstract: A hydrodynamic and water quality model of the Lower Willamette River was 
developed to evaluate management alternatives designed to improve water quality.  The 
Lower Willamette River is located in Oregon and drains a watershed covering 11500 square 
miles consisting of forested, agricultural, and urban lands.  Inflows include treated municipal 
wastes and industrial effluents along with non-point sources from agricultural, silvicultural 
and urbanized land.  The model was designed to address temperature, dissolved oxygen, 
algae, pH and bacteria concerns.  The Corps of Engineers two-dimensional, laterally 
averaged, hydrodynamic and water quality model CE-QUAL-W2, Version 3 was applied.  
CE-QUAL-W2 consists of directly coupled hydrodynamic and water quality transport models 
and simulates parameters such as temperature, algae concentration, dissolved oxygen 
concentration, pH, nutrient concentrations and residence time.  The model domain covers a 
total of about 126 river miles, including the Lower Willamette River from its intersection with 
the Columbia River upstream to Canby Ferry (RM 35.0) and the Columbia River from 
Bonneville Dam (RM 144.5) to Beaver Army Terminal (River Mile 53.8).  Modeling of the 
Columbia River was necessary to simulate tidal fluctuations and influxes of Columbia River 
water into the Lower Willamette.  Major tributaries and major NPDES point sources were 
point inflows to the system model.  The ability to model multiple water bodies was a feature 
of CE-QUAL-W2 Version 3 and allows the simulation of river, reservoir or estuary sections 
with varying bottom slopes separated by dams and other hydraulic structures.  The model was 
calibrated for the summers of 1993, 1994, 1997, 1998, and 1999.  Hydrodynamics were 
calibrated first followed by temperature and water quality.  Root mean square error of model 
water level predictions was generally less than 0.05 m.  Because of the short residence time 
within the model domain, the development of accurate boundary conditions was essential for 
good model calibration. 

INTRODUCTION 

The Willamette River system is a 11,500 mi2 watershed and drains through the Lower 
Willamette River from river mile (RM) 0 to RM 35 (Canby Ferry), Figure 1. The river passes 

mailto:berger@ce.pdx.edu


through the Portland, Oregon metropolitan area before its confluence with the Columbia River 
at Columbia RM 106.  The Columbia River is tidally influenced from the Pacific Ocean to the 
tailrace of the Bonneville Dam at RM 145.  The Lower Willamette River is also tidally 
influenced from RM 0 (confluence with the Columbia) to the Oregon City Falls at RM 26.8. 
 

 

Columbia 
River 

Portland 

Figure 1.  Lower Willamette and Columbia River model region 
Water Environment Services of Clackamas County was in the process of planning upgrades 
on several of its sewage treatment plants which discharge into the Lower Willamette River 
and required modeling information to assess the impact of their future discharges to the 
Willamette River.   The goals of the modeling effort were to: 
 
• Construct a computer simulation model of the Lower Willamette River system including 

part of the Lower Columbia River and the Willamette River above the Falls at Oregon 
City;  

• Calibrate the model to field data ensuring that the model accurately represents the system 
physics and chemistry (flow, temperature, dissolved oxygen and nutrient dynamics); 

• Use the model to evaluate management scenarios for the sewage district. 



MODEL DEVELOPMENT 

Model Selection:  A hydrodynamic and water quality model, CE-QUAL-W2 Version 3 (Cole 
and Wells, 2000), was applied to the Willamette-Columbia system.  CE-QUAL-W2 is a two 
dimensional (longitudinal-vertical), laterally averaged, hydrodynamic and water quality 
model that has been under development by the Corps of Engineers Waterways Experiments 
Station.  CE-QUAL-W2 Version 3 was proposed as the most appropriate model for the Lower 
Willamette system primarily because it contained the following elements: 
 
• Two-dimensional, dynamic hydrodynamics and water quality model capable of replicating 

the density stratified environment of the tidally influenced river sections as well as the 
sloping river channel sections. This is especially important when there are deep “holes” 
where a 1-D model would predict erroneously flow through the entire cross-section of the 
“hole”. 

• River-estuary and hydrodynamic-water quality linkage is transparent for the Model User. 
• The model can handle two-dimensional branches added on to the main stem of the 

Willamette River such as the lower reach of the Clackamas River as well as flow around 
islands. 

• The CE-QUAL-W2 Version 3 code has many state-of-the-art model refinements that 
reduce numerical errors and improve the accuracy of model simulations. 

 
Modeling Periods: Based on the availability of field data, the model simulation time periods 
were the summers, May 1st to October 1st, for the years, 1993, 1994, 1997, 1998 and 1999.  In 
addition to modeling the hydrodynamics and temperature, the Willamette River model also 
simulated: dissolved and particulate non-living organic matter (both refractory and labile 
components), ammonia, nitrate, dissolved PO4, algae, TDS, pH, dissolved oxygen, and 
bacteria. 
 
Conceptually the model elements, shown in Figure 2, are:  
• Willamette River above the Oregon City Falls 
• Willamette River below the Oregon City Falls 
• Columbia River with side channels 
• Multnomah Channel 
• Lower Clackamas River and adjacent gravel pit. 



 
Figure 2.  Conceptual Layout of the Lower Willamette River System Model (Points 
Represent Model Segments). 
 
Model Boundaries:  The model boundary conditions include inflows and water quality, 
meteorological conditions, and point source inflows and water quality characteristics.  Many 
local, state and federal agencies have been collecting data in the Lower Willamette and 
Columbia Rivers.  Meteorological data were collected at Portland International Airport and 
include air temperature, wind speed, wind direction, dew point, and cloud cover.  The 
Portland International Airport was selected because it contained the longest historical record 
of data and represents meteorological conditions in the model domain. 
 
The majority of the tributary inflows to the Columbia and Willamette River were considered 
in the model. Nevertheless, a small number of these tributaries were not characterized because 
flow information was not available.   A GIS analysis determined the drainage area not 
considered in the model was only about 0.34% of the total drainage area. 
 



Point source data for the Columbia and Willamette Rivers were collected from the Discharge 
Monitoring Reports (DMR) provided by Oregon Department of Environmental Quality 
(DEQ) and Washington Department of Ecology (WADOE). The Clean Water Act requires 
that any discharger of “pollutants” from a point source into a water body have a National 
Pollution Discharge Elimination System (NPDES) permit.  The NPDES permit may define 
minimum or maximum limits of discharge constituents and may require periodic monitoring 
and reporting of the discharge.  This reporting is submitted to the local branches of the EPA 
(Permit Compliance System) and DEQ/WADOE in the form of a Discharge Monitoring 
Report (DMR). 
 
Model Grid:  The model grid was developed based on detailed cross sections for the 
Columbia River and the Willamette River provided by the U. S. Army Corps of Engnieers 
(Knutson, 2000).  The model grid included cross sections from RM 145 (Bonneville Dam) to 
RM 53.8 (Beaver Army Terminal) on the Columbia River and from RM 0 to RM 24 (Oregon 
City Falls) on the Willamette River.  Cross-sections of the Willamette River between the 
Oregon City Falls (RM 26.8) and Canby Ferry (RM 35) were provided by Portland General 
Electric (PGE, 1998). These cross-sections were based on a survey done by the National 
Oceanic and Atmospheric Administration (NOAA) in October 25, 1997.  The model grid was 
developed for 4 water bodies.  Figure 2 shows a layout of the model grid.  A total of 16 
branches make up the 4 water bodies in the model.  The Willamette River above the Oregon 
City Falls was modeled as one branch within a waterbody.  The second waterbody consisted 
of two branches, the first was the mainstem of the Willamette River and the second was 
Multnomah Channel.  The Columbia River represented a third waterbody with 11 branches.  
The first branch was the main channel of the Columbia River and the remaining 10 branches 
were at tributary inflows or side channels around islands in the river.  The fourth waterbody 
represented the lowest reach of the Clackamas River and a gravel pit cove on the side.  
Segment size was based on the spacing of the cross-sections in the bathymetry data.  Layer 
thickness in the model was 2 meters throughout, and the model consists of a total of 484 
segments.  Table 1 summarizes the specifics of the model grid.  Vertical grid resolution for 
the Willamette River and Columbia River reaches were shown in Figure 3 and Figure 4, 
respectively. 

Table 1.  Model Grid Layout Specifications 

Water bodies Branches # of segments Segment length Layer Thickness
4 16 483 80 m – 4361 m 2 m 
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Figure 3. Lower Willamette River vertical grid resolution (note variable longitudinal 
segment spacing and vertical grid resolution). 
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Figure 4. Columbia River vertical grid resolution. 



MODEL CALIBRATION 

Hydrodynamic Calibration:  The first step in the calibration process was to ensure the 
model correctly predicted water levels and flow rates at measuring stations in the Willamette 
and Columbia River.  Water level data used for calibration originated from 2 Willamette 
River gauging stations and 5 Columbia River stations.  Flow data used in calibration existed 
for 1 Columbia River station and 1 Willamette River station.  Manning’s n, or friction 
coefficient, was the only model coefficient used for calibrating water level and flow rate 
predictions with data.  Model friction factors were adjusted until there was reasonable model-
data agreement in water level and flow rate.  For all simulation years Mannings n was 
calibrated to a value of 0.025 for the whole model domain.  Root mean square error of model 
water level predictions was generally less than 0.05 m for the summer months.  Figure 5 
shows water level predictions compared with data in the Lower Willamette where the tidal 
range was approximately 1 meter. Figure 6 shows a comparison between and flow predictions 
and data and illustrating reversing flow that may occur during dry periods. 
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Figure 5.  Comparison between model water level predictions and data in the Willamette 
River.   The fluctuations in water level are due to tides. 
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Figure 6.  Model flow predictions versus data during a 20-day period during 1993 at 
Portland. 
Temperature Calibration:  Model calibration for temperature also depended on good 
upstream boundary conditions and meteorological data.  Grab sample and continuous 
temperature data were available from 7 sampling sites on the Willamette River and 8 
sampling sites on the Columbia River.  Typical average mean error for temperature 
predictions was 0.3-0.9oC. Model temperature predictions from a single station were 
compared with 1998 continuous data in Figure 7.  Because of the short residence time within 
the model domain, the development of accurate boundary conditions was essential for good 
temperature calibration.  
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Figure 7.  Model temperature predictions compared with continuous data in the 
Willamette River. 
Water Quality Calibration:  Water quality field data were obtained from the City of 
Portland, Bureau of Environmental Services, the US Geological Survey and the Oregon 
Department of Environmental Quality STORET program to compare with model predictions.  
There were water quality data available for 13 sites on the Willamette River and 2 sites on the 
Columbia River.  The model was calibrated to water quality constituents such as dissolved 
oxygen, pH, chlorophyll a, ortho-phosphorus, total phosphorus, ammonia nitrogen, nitrate 
nitrogen, dissolved organic carbon and total organic carbon.  Boundary conditions, algae 
growth rates, reaeration equation, and sediment oxygen demand were particularly important 
for model calibration.  Zeroth order sediment oxygen demand was set to 1.4 g/m2 in segments 
above Willamette Falls and 1.8 g/m2 for segments below.   These values were based on 
measurements made in 1994 by the U. S. Geological Survey (Caldwell and Doyle, 1995).  
The rearation equation applied in the model was the Thomann and Fitzpatrick (1982) estuary 
equation where the rearation  (d-1) was calculated using: aK

5.1

25.0

93.30372.0317.0728.0
H

U
H

WWWK a +
+−

=  

where U  (m/s) was the water velocity, W  (m/s) was the wind velocity, and H  (m) was the 
depth.  A reaeration equation appropriate to estuaries equation was chosen because the Lower 
Willamette River is tidally influenced.  An algae maximum growth rate of 2.4 d-1 was used for 
model simulation years 1993, 1994 and 1997 and a maximum growth rate of 2.3 d-1 was used 
for 1998 and 1999. 
  
Continuous and grab sample dissolved oxygen data were compared with model predictions 
for the Willamette River site St. John’s Railway Bridge (RM 6.8) in Figure 8.  Comparisons 
of model predictions and continuous and grab sample field data of pH in 1999 at the 
Willamette River site Waverly Country Club (RM 3.1) were shown in Figure 9. The model 
tracked well the variation in grab sample data. 



 

120 140 160 180 200 220 240 260 280
Julian Day

0

5

10

15

D
is

so
lv

ed
 O

xy
ge

n 
(m

g/
l)

Continuous Data
Grab Sample Data
Model

4/30/98 6/9/98 7/19/98 8/28/98 10/7/98

Willamette River Dissolved Oxygen
at St Johns Railway Br.

Segment 92
RM 6.8

 
Figure 8.  Comparison between model predicted dissolved oxygen concentrations and 
data for the Willamette River at  St. Johns Railway Bridge (RM 6.8) during 1998. 
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Figure 9.  Comparison between model predicted pH and data for the Willamette River 
at Waverly Country Club (RM 17.9) during 1999. 

 



SUMMARY 

 
A CE-QUAL-W2 Version 3 model (Cole and Wells, 2000) was developed to model the 
Lower Willamette River in order to assess the impact of the wastewater treatment plant 
discharges on water quality. The model was set-up for the summer periods (May 1-October 1) 
of 1993, 1994, 1997, 1998, and 1999. The model boundaries on the Columbia River extended 
from the Beaver Army Terminal (a downstream head boundary condition) to Bonneville Dam. 
On the Willamette River they included the confluence with the Columbia River to Canby 
Ferry at RM 35. A more extensive description of model set-up and calibration is available in 
Rodriguez et al. (2001) and Berger et al. (2001). The model was compared to hydrodynamic 
field data (water level and flow rate data), temperature data, and water quality data (dissolved 
oxygen, chlorophyll a, pH, PO4-P, NH4-N, NO3-N, TKN, TOC) at various stations in the 
Willamette and Columbia Rivers. 
 
Model calibration showed that in general the model reproduced the hydrodynamics and water 
quality well during the May-October period despite the fact that many dynamic storm water 
dischargers were not used in the model. A summary of model errors in the Lower Willamette 
was shown in Table 2. 

Table 2. Typical model errors in the Lower Willamette River. 

Parameter Typical Average Mean 
Error in the Lower 
Willamette River 

Typical range in 
variable 

Water level, m 0.1-0.25 m ±1.1 m 
Flow rate, m3/s 20 –130 m3/s 1200 m3/s 
Temperature, oC 0.3-0.9oC 10-24oC 
Dissolved oxygen, mg/l 0.3-1.0 mg/l 7-10 mg/l 
Chlorophyll a, ug/l 2-15 ug/l 5-40 ug/l 
pH 0.1-0.3 7-8 
PO4-P, ug/l 5-8 ug/l 20-65 ug/l 
Total P, ug/l 10-20 ug/l 40-100 ug/l 
Ammonia-N, ug/l 10-25 ug/l 40-100 ug/l 
Nitrate-N, ug/l 80-100 ug/l 200-600 ug/l 
TKN, mg/l 0.03-0.1 mg/l 0.2-0.4 mg/l 
TOC, mg/l 0.3-0.5 mg/l 1-2 mg/l 

 
The temperature and water quality model predictions were very dependent on upstream 
boundary conditions as evidenced by short travel times from the Canby Ferry to the Morrison 
Street bridge (from 1-4 days). Also, the ability to reduce model water level and flow rate 
errors is very dependent on having accurate and precise bathymetry data in the model system. 
 
The following conclusions can be made evaluating regarding the modeling effort: 
 



• Interpolating upstream boundary condition data between field sampling every 2 or 3 
weeks made it difficult to predict conditions in the Lower Willamette when the data 
within the model domain was taken at a higher data frequency. It was recommended 
that future studies consider the use of continuous water quality monitoring devices 
(such as temperature, dissolved oxygen, and pH) so continuous boundary condition 
data can be obtained for the Willamette River  

• In the W2 model, one algal type with the same kinetic parameters was used for all the 
years of record. There is probably a basis for using multiple algal types in the model or 
different algal growth rate kinetics year-by-year but limited data existed making such 
an effort difficult. 

 
In general, hydrodynamic and water quality features of the system are well reproduced in the 
model. The use of the model to postulate impacts of increased BOD mass loadings from point 
sources would be a reasonable use of the calibrated model. Most improvements in model 
calibration would probably be based on improving upstream boundary conditions for the 
model, especially water quality parameters for the Willamette River at Canby Ferry (RM 35). 
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Abstract:  The U.S. Army Engineer Research and Development Center (ERDC) in cooperation 
with the U.S. Army Engineer District, Baltimore, has developed a watershed pollutant loading 
model that will be utilized to evaluate the effects of future development within the Mattawoman 
Creek Watershed.  The pollutant load analysis, in particular nutrients and sediment, was 
accomplished using the Hydrologic Simulation Program Fortran (HSPF) numerical model. 
 
The HSPF watershed model has been widely used for predicting loadings into water bodies.  It 
has been used in the Chesapeake Bay Watershed to develop a nutrient reduction strategy and 
Best Management Practices (BMPs) to reach a 40 percent reduction in loadings to the 
Chesapeake Bay.  Furthermore, the Environmental Protection Agency (EPA) has utilized HSPF 
to develop TMDL estimates for various state agencies.  Application of HSPF to the Mattawoman 
Creek Watershed provided a simulation tool to aid in development of  BMPs, TMDLs, and 
estimates of nutrient loadings into receiving waters.   
 
HSPF was implemented within the Watershed Modeling System (WMS).  The WMS provides a 
graphical user interface for both pre and post-processing HSPF data requirements.  The water 
quality calibration was performed for sediment and nutrients including various forms of nitrogen 
and phosphorous.  Scenarios evaluated included the base scenario (before development) and a 
future development land use scenario.  The base scenario was run for year 2000 and the future 
scenario for the year 2020.  In the future, the model will be utilized as a planning tool to evaluate 
potential BMP effects within the watershed to minimize nutrient and sediment loadings to the 
Chesapeake Bay. 
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INTRODUCTION 
 
Background and Study Objectives: 

 
The U.S. Army Engineer District, Baltimore (CENAB), in cooperation with Charles County, 
Maryland is developing a watershed management plan for Charles County.  The Mattawoman 
Creek Watershed was listed on the Maryland Department of the Environments’ 303(d) list of 
impaired water bodies targeted for future Total Maximum Daily Load (TMDL) development.  
Initial problems within the watershed include elevated sediment and nutrient loads and the 
presence of heavy metals and toxics. 
 
CENAB has prepared a Project Study Plan (PSP) in which a feasibility study is being conducted.  
The primary goal of the feasibility study is to develop a management plan and recommendations 
that balance sustainable ecological functions and habitats of the Mattawoman Creek Watershed 
with Charles County.  To this end, the feasibility study incorportated elements of public 
involvement, environmental studies, hydrologic & hydraulic studies, and geographic information 
system development.  In order to consider water quality impacts of future development within 
the watershed, CENAB contracted with the ERDC, Environmental Laboratory, to investigate 
future land use impacts on nonpoint source loads into the Potomac River.  The Hydrologic 
Simulation Program – Fortran (HSPF) watershed water quality model was selected for this study. 
 
HSPF: 
 
HSPF (Bicknell et al. 1993, 1996) is a comprehensive package for the simulation of watershed 
hydrology and water quality for both conventional and toxic organic pollutants.  It is a 
comprehensive model of watershed hydrology and water quality that allows the integrated 
simulation of land and soil contaminant runoff processes with instream hydraulic, water 
temperature, sediment transport, nutrient, and sediment-chemical interactions. 
 
The application of HSPF to the Mattawoman Creek Watershed followed the standard modeling 
procedures as described in the HSPF Application Guide (Donigian et al, 1984).  The major 
procedures described in the guide included: (1) simulation plan development, (2) database 
development, (3) watershed segmentation, (4) parameter estimation and input preparation, (5) 
hydrologic and sediment calibration, and (6) Non-Point Source (NPS) loading and water quality 
calibration.  Once the model is appropriately developed and calibrated, it can be utilized for 
simulating alternative land management scenarios within the watershed.   
 

MODEL APPLICATION 
 
The primary tasks for model application (watershed segmentation, Watershed Data Management 
(WDM) and User Controlled Input (UCI) development, and model calibration) were 
accomplished utilizing the Watershed Modeling System (WMS) (Deliman et al., 1999; 
Environmental Modeling Research Laboratory, 1998).  The WMS provides a graphical user 
interface for both pre and post-processing HSPF data requirements.  Additionally, the system 
provides links to other software tools which have been developed to aid in the model application 
process.  These tools include WDMUtil (USEPA, 1999), HSPEXP (Lumb et al., 1994), and 
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GENSCN (Kittle et al., 1998).  WDMUtil provides an interface to develop the WDM, HSPEXP 
is an expert system which aids in the hydrologic calibration, and GENSCN allows the user to 
evaluate and compare alternative simulations.  All of these components, once installed on a 
computer, can be accessed from the WMS through linkages within the HSPF interface. 
 
Watershed Segmentation: 
 
The Mattawoman Creek Watershed is located in south central Maryland.  It is in close proximity 
to the Washington D.C. metropolitan area and thus is subject to intensive pressure for urban 
development.  Mattawoman Creek drains into the Potomac River that has its confluence at 
Chesapeake Bay.  The primary tool utilized for the watershed segmentation was the WMS.  The 
WMS provides the user with the ability to easily divide the study area into individual land 
segments that are assumed to produce a homogeneous hydrologic and water quality response.  
The primary tool utilized for the delineation process within the WMS was the digital elevation 
model (DEM) module.  Data from the United States Geological Survey (USGS) National 
Elevation Dataset, thirty meter resolution, were utilized to delineate the watershed.  The results 
of the watershed segmentation are displayed in Figure 1.  The total area of the watershed was 
calculated to be approximately 200 km2.  The watershed was delineated into nine segments that 
correspond to those contained in the Maryland 12 digit  Hydrologic Unit Code (HUC).   
 

 
 
Figure 1.  Mattawoman Creek Watershed, delineated segments and precipitation station. 
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Within each model segment, up to seven different pervious land segments (PLS) categories and 
two impervious land segments (ILS) were simulated.  The categories included Forest, 
Agricultural, Grassland, High Density Urban Pervious, Low Density Urban Pervious, Barren, 
Wetland, and Impervious included High Density and Low Density.   The percentages of each 
land use coverage for each segment were provided by Towson University for the 2000 
simulation, and the Maryland Office of Planning for the 2020 simulation. 
 
The reach segmentation was designed to represent the major tributaries: Timothy Branch, Piney 
Run, and Old Woman’s Run.  The reach segmentation resulted in 18 stream segments ranging in 
length from 1.6 to 8 km, with an average drainage area of 11 km2 per reach.  The reach 
segmentation for the study is shown in Figure 2. 
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Figure 2.  Mattwoman Creek Watershed, reach segmentation for HSPF. 
 
 
 
 
 

 4



Database Development: 
 
Time series data from the National Weather Service (NWS) - Patuxent Naval Air Station, 
Smithsonian Environmental Research Center (Jordan et al., 2000), and the USGS were used to 
prepare the Mattawoman Creek WDM file.  The time series data required for the HSPF 
simulation included weather (precipitation, temperature, humidity, wind speed), flow, and water 
quality.  These data are contained in the binary WDM file.  The closest precipitation gage for the 
study was located at Jordan Swamp at Highway 5.  This gage was slightly to the south of the 
study area and can be seen in Figure 1.  The primary software package utilized to prepare the 
WDM was WDMUtil. 
 
Additional information required for the simulation included soil type, channel geometry, and 
land use.  This information was utilized to complete the input file.  The WMS-HSPF software 
tool was used for this portion of the study.  Channel geometry data was obtained from the 
Maryland Department of Natural Resources and the U.S. Department of Agriculture – 
Agricultural Research Service.  Soils data from the Soil Survey Geographic (SSURGO) database 
and land cover from the Maryland Office of Planning and Towson University were utilized for 
the study.  Initial estimates for other input parameter values for the HSPF simulation were 
obtained from a HSPF simulation of Patuxent Creek, near Mattawoman Creek, conducted by 
Aqua Terra Consultants. 
 
Model Calibration: 
 
Hydrology calibration was performed with the aid of the expert system, HSPEXP, specifically 
designed for use with HSPF.  This software provides the user with calibration advice.  Operating 
interactively, the program provides recommendations on which parameters to adjust and/or input 
to check based on predetermined rules.  The program allows the user to change the input file, 
make model runs, and examine statistics as well as model output. 
 
The hydrologic calibration was performed for approximately a two-year period from April 1998 
through February 2000.  Ideally, it is desired to calibrate for a longer period of time, however, 
data was not available.  The calibration processes focused on developing a reasonable overall 
water balance among the components of the hydrologic cycle (precipitation, runoff, soil storage, 
and evaporation components) while comparing the observed and simulated flow.  The calibration 
for the Mattawoman Creek Watershed was conducted at the Lower Mattawoman 5 site and can 
be seen in Figure 2. 
 
The hydrologic calibration is presented in Figures 3 and 4.  Figure 3 shows the comparison of the 
observed vs. simulated daily mean flow at Lower Mattawoman 5 while Figure 4 provides a view 
of the flow exceedence curve for the simulation.  Overall, the calibration achieved reasonable 
success, with HSPEXP criteria being mostly satisfied, indicating a good to very good calibration.  
The runoff volumes were well simulated.  A few peaks were missed in the simulation.  This was 
attributed to the fact that the precipitation gage station used for the study was outside of the 
watershed, and no rainfall was recorded on these days, therefore, there was no possible way for 
the simulation to match the observed flows at Lower Mattawoman 5.  Otherwise, daily time 
series showed good agreement, and the frequency curves matched well. 
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Figure 3.  Mattawoman Creek Hydrology Calibration. 

 
Figure 4.  Flow exceedence curve for simulation period. 
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Nonpoint Load Calibration: 
 
Nonpoint source loads were simulated and calibrated to available data at Lower Mattawoman 5.  
Water quality parameters simulated included: NO3-N, NH3-N, organic N, PO4-P, Organic P, and 
Total Suspended Solids (TSS - comprised of sand, silt, and clay fractions).  Each of the 
individual components for nitrogen and phosphorus were calibrated individually then summed to 
produce total nitrogen (TN) and total phosphorus (TP) plots.  Typically, calibration involves 
plotting the simulated time series data along with the measured data points.  For this study, only 
weekly averages were available at the calibration point.  Thus, the data presented shows the 
simulated and observed weekly averages.  The nonpoint source load calibrations are shown in 
Figures 5-7 for TN, TP, and TSS respectively.  The TN and TP plots are in lbs/week, and the 
TSS is in tons/week. 
 
The TN and TP graphs show that the simulation appears to under predict during high flow peaks 
and over predict during low flows.  The overall simulation is in the proper range and matches 
fairly well during the time frame.  One of the main reasons for missing some of the observed 
peaks is due to the fact that the precipitation gage utilized during the study was outside of the 
watershed.  This was also evident in Figure 3, Mattawoman Creek hydrology calibration, where 
the simulation was always under simulating the peak storm events.  A possible reason for the 
over prediction during low flows could be the high levels of imperviousness used for the 
simulation.  The low density urban was set at a value of 50 percent imperviousness, and the high 

 
Figure 5.  Mattawoman Creek TN water quality calibration at Lower Mattawoman 5. 
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Figure 6.  Mattawoman Creek TP water quality calibration at Lower Mattawoman 5. 

 
Figure 7.  Mattawoman Creek TSS water quality calibration at Lower Mattwoman 5. 
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density at a value of 90 percent.  The result of the high imperviousness is more runoff during 
rainfall events.  Overall, both the TN and TP simulation are acceptable. 
 
The TSS plot shows a fair agreement with the data with the exception of August – September 
1999.  During this time frame, the model is over predicting the amount of suspended sediment 
when compared to the observed data.  The model is predicting the high amount of sediment in 
part due to the amount of flow during this period.  From Figure 3 it can be seen that there was 
significant observed flow.  Thus, the prediction of a high level of TSS would be expected.  Other 
factors such as the location of the precipitation gage and the high level of imperviousness would 
also cause the simulation to be off.  The calibration generally over predicts the TSS for the 
weekly averaged data. 
 
The water quality simulation for the Mattawoman Creek watershed is acceptable and provides a 
sound basis for extending the modeling to evaluate alternative land uses and management 
practices within the basin.  Further water quality calibration is warranted to investigate the 
problems noted above, especially with regard to the precipitation gage and weekly averaged data.  
A gage within the watershed as well as instantaneous and flow-weighted average water quality 
data could greatly enhance the accuracy of the simulation and the overall calibration effort. 
 

SCENARIO DEVELOPMENT 
 
The scenario developed for the study involved incorporation of the 2020 future land use 
conditions within the basin as provided by the Maryland Office of Planning.  The major change 
within the watershed was the increase of acerage utilized for development.  The changes are 
shown in Table 1 for each land use category within each sub-watershed segment.  The GENSCN 
program was used to make the required changes to the Mattawoman Creek UCI file.  Analysis 
techniques available within GENSCN include tables and plots of observed and simulated data as 
well as several statistical techniques. 
 

RESULTS 
 
Total loadings for TN, TP, and TSS at the Lower Mattawoman 5 calibration site for both the 
baseline and future land use conditions were calculated following the completion of the 
GENSCN runs.  The results are provided in Table 2.  From the results, it can be seen that all the 
loadings increased as a result of the 2020 land use changes.  TN increased by 55 tons, the TP by 
6 tons, and the TSS by 3,795 tons during the total simulation period of 22 months.  This is an 
expected result due to the increase of flow resulting from the land use changes.  The increase of 
flow for the simulations can be seen in Figure 8.  From the Figure it can be seen that all of the 
flow peaks are higher due to the increased imperviousness within the watershed.  This results in 
a higher transport capacity with more sediments and nutrients being delivered at the Lower 
Mattawoman 5 (LM5) site.   
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Sub-Watershed Numbers (02140111-)  

Land use & Scenario 0788 0787 0786 0785 0784 0783 0782 0781 0780 
2000 3474 3838 3747 2894 10627 3744 1561 8310 6414 Forest 
2020 2306 2647 2204 249 2499 1393 818 4043 3656 
2000 708 741 752 242 787 546 140 371 786 Agricultural 
2020 381 791 1039 101 2195 2514 482 2474 815 
2000 52 133 518 263 662 28 12 72 115 Grassland 
2020 1658 34 509 30 104 10 8 50 122 
2000 19 43 46 72 20 3 0 25 42 High Density 

Pervious 2020 373 497 935 1752 4054 229 257 1270 1596 
2000 315 174 312 519 507 52 44 240 501 Low Density 

Pervious 2020 22 86 54 123 16 10 1 41 92 
2000 42 10 6 64 46 3 3 3 3 Barren 
2020 176 230 0 126 0 0 0 0 61 
2000 73 19 34 46 28 10 22 46 2028 Wetland 
2020 0 0 13 41 0 0 4 32 0 
2000 169 387 415 649 179 30 3 224 370 High Density  

Impervious 2020 373 497 935 1752 4054 229 257 1270 1596 
2000 315 174 312 519 507 52 44 240 501 Low Density  

Impervious 2020 194 778 485 1107 140 86 8 365 831 
 
Table 1.  Total acreage used within each sub-watershed for the baseline and future scenarios 
 

Simulation 
YR/MONTH 

TN – Lbs 
2000 LU         2020 LU 

TP – Lbs 
2000 LU         2020 LU 

TSS – Tons 
2000 LU         2020 LU 

1998/04 10200 17500 1340 2470 312 723 
1998/05 4520 9430 611 1300 302 704 
1998/06 1840 4080 264 623 51 221 
1998/07 552 1460 83 231 90 252 
1998/08 389 1860 79 231 6 18 
1998/09 793 3580 131 388 57 163 
1998/10 759 2640 80 237 5 16 
1998/11 2300 6920 192 542 32 97 
1998/12 3980 10200 329 825 107 278 
1999/01 12500 23200 1160 2220 99 239 
1999/02 13200 24300 1250 2350 112 234 
1999/03 7830 14100 932 1680 99 248 
1999/04 1540 3590 184 391 14 40 
1999/05 1080 3910 167 462 39 114 
1999/06 1390 4670 234 665 128 372 
1999/07 773 2750 128 374 100 289 
1999/08 5000 11100 800 1740 755 1410 
1999/09 9360 16000 1380 2510 282 680 
1999/10 5600 10600 684 1320 56 138 
1999/11 10900 20400 973 1870 85 203 
1999/12 7340 12900 647 1180 28 65 
2000/01 6220 12200 502 1010 32 80 
2000/02 1720 3050 149 272 1 3 

Total 109786 220440 12299 24891 2792 6587 
 
Table 2.  TN, TP, and TSS loadings for the baseline and future conditions (LM5). 
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Figure 8.  Flow increase resulting from land use change within the Mattawoman Creek  
                 Watershed. 
 

DISCUSSION & RECOMMENDATIONS 
 
The HSPF model was successfully setup and calibrated for the Mattawoman Creek Watershed.  
Tools utilized for this study included WMS-HSPF, WDMUtil, HSPEXP, and GENSCN.  
Following the calibration, the 2020 future land use scenario was completed and the results 
indicated an increase in loadings at the Lower Mattawoman 5 location.  TSS increased by 
approximately 135 percent resulting in a 100 percent increase for both TN and TP due to the 
projected land use changes within the watershed.  The results presented herein are preliminary 
and further scenario simulations are required to evaluate BMPs.  This next step will involve 
additional runs with the GENSCN model.  GENSCN can be used to evaluate BMPs within a 
watershed basin to develop effective management strategies to reduce non-point source loadings.  
GENSCN contains several pre-defined BMPs that allow the user of the system to rapidly 
evaluate several different alternatives.     
 
 
 
 
 
 
 
 

 11



ACKNOWLEDGMENT 
 
The content of this paper is based on the knowledge, experiences, and opinions of the authors 
and may not reflect official policy of the U.S. Army Corps of Engineers.  The Chief of Engineers 
has granted permission to publish this paper. 
 

REFERENCES 
 
Bicknell, B.R., Imhoff, J.C., Kittle, J.L., Jr., Donigian, A.S., Jr., and Johanson, R.C. 

(1993).  Hydrologic simulation program-FORTRAN user’s manual for Release 10, 
EPA/600/R-93/174, U.S. Environmental Protection Agency, Athens, GA. 

Bicknell, B.R., Imhoff, J.C., Kittle, J.L., Jr., Donigian, A.S., Jr., and Johanson, R.C. (1996). 
Hydrologic Simulation Program – Fortran (HSPF): User’s Manual for Release 11,  U.S. 
Environmental Protection Agency, Athens, GA. 

Deliman, P.N., Pack, W.J., and Nelson, E.J. (1999).  “Integration of the Hydrologic 
Simulation Program – (HSPF) Watershed Water Quality Model into the Watershed 
Modeling System (WMS),” Technical Report W-99-2, U.S. Army Engineer Waterways 
Experiment Station, Vicksburg,  MS. 

Donigian, A.S., Imhoff, B.R., Bicknell, B.R., and Kittle, J.L. (1984).  Application Guide for 
Hydrologic Simulation Program – FORTRAN (HSPF),  EPA-600/3-84-065, U.S. 
Environmental Protection Agency, Athens, GA. 

Environmental Modeling Research Laboratory.  (1998).  Department of Defense 
Watershed Modeling System – Reference Manual & Tutorials.  WMS V 5.1, Brigham 
Young University, 368B CB, Provo, UT. 

Jordan, T.E., Correll, D.L., and Weller, D.E. (2000).  Mattawoman Creek Watershed: Nutrient 
and Sediment Dynamics, Smithsonian Environmental Research Center, P.O. Box 28, 
Edgewater, MD. 

Kittle, J.L., Jr., Lumb, A.M., Hummel, P.R., Duda, P.B., and Gray, M.H. (1998).  A tool for 
the generation and analysis of model simulation scenarios for watersheds (GenScn), U.S. 
Geological Survey Water-Resources Investigations Report 98-4134, Reston, Virginia. 

U.S. Environmental Protection Agency. (1999). WDMUtil Version 1.0:  A Tool for Managing  
Watershed Modeling Time-Series Data User’s Manual, EPA-823-C-99-001, Exposure 
Assessment Branch, Standards and Applied Science Division, Office of Science and 
Technology, Office of Water, Washington, D.C. 

 12



THE BULL RUN RIVER-RESERVOIR SYSTEM MODEL 
 

Robert L. Annear, Research Assistant, Civil and Environmental Engineering, Portland 
State University, Portland, Oregon. 

 
Scott A. Wells, Professor of Civil and Environmental Engineering, Portland State 

University, Portland, Oregon. 
 

Department of Civil and Environmental Engineering, P.O. Box 751, Portland State University, 
Portland, Oregon 97207-0751, Voice 503.725.3048, Fax 503.725.5950, annearr@cecs.pdx.edu 

 
Abstract:  The Bull Run watershed is located 41.8 kilometers east of Portland, Oregon in the 
Mt. Hood National Forest and consists of two reservoirs supplying drinking water to over 
840,000 people in the Portland metropolitan area.  In March 1998 Steelhead and Spring Chinook 
were listed as threatened in the Lower Columbia basin under the Endangered Species Act.  
Historical reservoir operations during the summer released no water downstream resulting in 
stream temperatures exceeding the state water quality standard for salmonids.  CE-QUAL-W2 
Version 3 is a two-dimensional water quality and hydrodynamic model capable of modeling 
watersheds with interconnected rivers, reservoirs and estuaries.  CE-QUAL-W2 Version 3 was 
used to model temperature in the reservoirs and river to investigate management strategies to 
meet water demand and fish habitat requirements.  Management strategies evaluated included 
adding selective withdrawal, increasing reservoir size, constructing a new water supply reservoir, 
and altering selective withdrawal operations from historical patterns. 
 

INTRODUCTION 
 
The Bull Run River-Reservoir system 
is a 264.2 km2 watershed located 41.8 
km east of downtown Portland as 
shown in Figure 1.  The watershed has 
two reservoirs (Reservoir #1 and 
Reservoir #2) and serves as the 
primary drinking water source for the 
City of Portland and several 
surrounding communities with over 
840,000 people.  In March 1998 
Steelhead and Spring Chinook were 
listed as threatened under the 
Endangered Species Act for the Sandy 
River Basin, which includes the Bull 
Run watershed.  Historical reservoir 
operations

Figure 1. Bull Run Watershed System 

 have resulted in no water fl
uring the summer months.  Water temperatures in the Bull Run River below Reservoir #2 

lity standard where the seven day moving average of the 
exceed 17.8 oC.   A computer simulation model was 
er supply and fish habitat objectives during the summer 

owing from Reservoir #2 into the Lower Bull Run River 
d
violated the State of Oregon's water qua
daily maximum temperature must not 
developed to evaluate how to meet wat
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season by implementation of management strategies, such as adding selective withdrawal, 
increasing reservoir size, constructing a new water supply reservoir, and altering selective 
withdrawal operations from historical patterns. 
 
A model, CE-QUAL-W2 Version 3 (Cole and Wells, 2000), was used to model the river-
reservoir system.  The computer model is a two dimensional, laterally averaged, hydrodynamic 
and water quality model.  Version 3 was developed by WES and Wells (1997) and supercedes 

ersion 2 (Cole and Buchak, 1995). The model is capable of replicating the density-stratified 

 new feature was added to CE-QUAL-W2 Version 3 to incorporate dynamic shading on 
streams (Annear et al. 2001).  T corporates vegetative shading 
y characterizing the vegetation density, height, and distance from the centerline of the stream.  

or topographic shading by including inclination angles surrounding 
ach model segment. 

V
environment of the reservoirs as well as the sloping river channel sections. River-reservoir 
linkage is transparent with no need to use one model for the river sections and another for the 
reservoirs.  The reservoir model was calibrated from January 1997 to October 1999 and the river 
was calibrated for the summer of 1999. 
 
A

he dynamic shading algorithm in
b
The algorithm also accounts f
e
 

M
 

ODEL DEVELOPMENT 

Boundary Condition Data: 
 
Bathymetry 
Detailed bathymetric survey 
data was collected for Reservoir 
#1 and Reservoir #2 and 
combined with the surrounding 
topography to ge

Bull Run Reservoir 2

nerate the 
odel bathymetry for each 

olume-elevation determined 
by a contour-plotting program 
for the Reservoir #2 bathymetry 
compared with data from the 
Water Bureau (1920s) and the CE-QUAL-W2 grid is shown in Figure 3.  
 
The Bull Run River below Reservoir #2 is a high gradient stream to model with an average slope 
of 1.4%.  There was little bathymetric data available for the river.  A few cross sections and fish 
survey data provided the location of pools, riffles, and waterfalls.  The information was 
combined with detailed topographic information of the river canyon to generate the river 

m
reservoir. An example of the 
model grid overlaid with the 
bathymetric contours is shown 
in Figure 2. 
 
A comparison of the model 
v
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Figure 2.  Reservoir #2 Model Grid Layout 
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bathymetry. A hypothetical river model cross-section is shown in Figure 4. Figure 5 shows a 
layout of the grid for the Lower Bull Run River.  Table 1 provides the model grid specifications. 
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Figure 5. River grid layout 

Table 1.  River and reservoir grid layout specifications 

Parameter Lower Bull 
Run River 

Rese
#2 
rvoir Reservoir 

#1 
Reservoir 

#3 
Number of br 15 2 2 6 anches 
Channel slope range [ 0.0 -] 0.000 to 0.022 0.0 0.0 
Segment len e, m gth, Δx, rang 67-210 167-211 101-225 68-201 
Vertical grid Δz, m 0.3-2 1 1 1 
IMP (number of segments) 95 46 38 53 
KMP (number of layers) 20 65 83 114 
ELBOT (elevation of top of 
lowermost vertical layer, m NGVD) 74.2 228.5 266.5 498.5 
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Infl
The uting f o Reserv and R ir #2 ey are 
ll gaged with measured every half hour.  There are an additional five subbasins, which are 

nd have only been gaged periodically in the past.  The flows in these smaller basins 

 had half-hourly flow measurements, also 
ad half-hourly water temperature measurements.  The five tributaries with periodic flow 

had no water temperature data.  Water temperature data from the nearest large 

al conditions of the Bull Run River-Reservoir system varied across the 
atershed.  Meteorological data required for the model include: air and dew point temperature, 

d cloud cover. Solar radiation measurements can also be used, if 

October 1998 a new continuously recording meteorological station was installed at 
eservoir #2.  Several errors were encountered after installation so reliable data were not 

 was closest to Reservoir #1 and the 
roposed Reservoir #3.  The data consisted of wind speed and direction, air temperature, relative 

they are different than the data 
ollected at Reservoir #2.  The meteorological data consisted of wind speed and direction, air 

ows 
re are four large tributaries contrib low t oir #1 eservo and th

a
smaller a
were correlated to the flows in the larger basins allowing a more complete record to be 
generated. Any remaining inflows or losses to the reservoirs were considered in the water 
balance calibration.  There is one large tributary to the Lower Bull Run River, which was also 
gage with measurements every half hour.  A correlation was developed between the large 
subbasin and one of the large tributaries contributing flow to Reservoir #2 and used to generate 
flows for the other small subbasins in the lower river. 
 
Temperature 
The same four large tributaries to the reservoirs, which
h
measurements 
tributaries were used for these smaller tributaries.  This assumption did not have a significant 
influence on the thermal structure of the reservoirs due to the much smaller flows associated with 
these tributaries. 
 
Meteorological Conditions 
The meteorologic
w
wind speed and direction, an
available. 
 
Some meteorological data has been collected at Reservoir #2 on a daily basis prior to September 
1998.  In 
R
available from the station until April 1999.  Since the continuously recorded meteorological data 
were limited to 1999, hourly data from the Portland International Airport (PDX) were used.  
Although this monitoring station is located 41.8 km away, the site provided a complete data set 
for the calibration period of 1997 to 1999.  Wind speed and direction in the Bull Run watershed 
did not correlate well with wind speed and direction at the PDX airport, so a time varying wind-
sheltering coefficient was used during model calibration. 
 
Another meteorological data set was from the Log Creek RAWS (US Forest Service) 
meteorological station high in the watershed.  This site
p
humidity and barometric pressure.  Cloud cover data were not available at the site so cloud cover 
data were used from Portland International Airport.  Since dew point temperature was not 
available at this site, the relative humidity and air temperature data were used to calculate the 
dew point temperature using a relationship from Singh (1992). 
 
In June 1999 a new meteorological station was located in the Lower Bull River canyon (RM 4.9) 
to monitor the specific conditions in the river canyon since 
c
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temperature, and relative humidity.  The cloud cover data was derived from the solar radiation 
measured at Reservoir #2 using the equation: 

65.0

1
scr

m

CC
φ

φ−
=  

where is the clear sky short wave solar based on the latitude of the water body and mφscrφ is the 
measured short wave solar. 
  

eservoirs, flows from Reservoir #1 to Reservoir #2, flows from 
eservoir #2 to Portland, and flows to the Lower Bull Run River needed to be well 

hways from Reservoir#1 to Reservoir #2 were identified; flow 

way.  The North Intake 
tructure is used predominantly throughout the year by drawing water from the bottom 12 m of 

eservoirs:

Reservoir Outlet Hydraulics 
To model accurately the r
R
characterized.  Three flow pat
through the powerhouse, flow over the spillway and flow through needle values.  Flow through 
the powerhouse used a multiple withdrawal structure with three intake elevations. There were 
three spillway gates located in the center of the Reservoir #1 dam structure.  The reservoir full 
pool water level can be raised 2.9 m by closing the spillway gates.  The needle valves are 
operated with a separate withdrawal structure with five intake elevations. 
 
Three flow pathways were identified for sending water from Reservoir #2 to Portland or the 
lower river: flow through either of two intake towers and flow over a spill
S
the reservoir and sending the water through a powerhouse and then to town or to the lower river.  
The South Intake Tower provides a back up intake location and also withdraws water from the 
reservoir bottom. The spillway is primarily used during the winter. 
 

CALIBRATION 
 
R  
 

ydrodynamics 
oir model calibration 

onsisted of conducting a water
temperature profile 

sure the model was 

H
The reserv
c  
balance, a water 
calibration, and finally a sensitivity 
analysis model parameters (Annear 
and Wells, 2000).  Reservoir #1 and 
Reservoir #2 were modeled as a linked 
system from January 2, 1997 to 
October 10, 1999. 
 
The water balance of the reservoirs 
was designed to en

correctly reproducing the water levels 
in each reservoir. Model simulated 
water level elevations were compared 
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with the observed water level elevations.  The difference between the simulated and observed 
water levels and the bathymetry of the reservoirs were used to generate a times series of inflows 
and outflows to balance the simulated water levels with data.  The water balance flows represent 
all inflow and outflow sources of error. 
 

Reservoir 2, 1997 to 1999

Figure 6 shows the water balance 

 similar approach was used for Reservoir #2.  Figure 7 shows the water balance for Reservoir 

he water balance flows represent uncertainties in the model due to a lack of information or 

emperature 
e calibration involved comparing vertical temperature profile data with model 

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Julian Day

achieved for Reservoir #1.  Statistics 
comparing the simulated and observed 
water level elevations show an 
absolute mean error (AME) of 0.15 m 
and root mean square error (RMS) of 
0.19 m.  The average water balance 
flow over the simulation time period 
was -4.6x10-4 m3/s, a small outflow 
from Reservoir #1.  The water balance 
flows did not have much influence on 
the water balance of Reservoir #2 
because the corrected flows were very 
small compared to typical powerhouse 
flows of 35 m3/s.  Temperatures for 
the water balance flows in Reservoir 
#1 were based on the North Fork River 
water temperature record. 
 

12/31/95 7/18/96 2/3/97 8/22/97 3/10/98 9/26/98 4/14/99 10/31/99
Date

257

258

259

260

261

262

263

264

W
at

er
 L

ev
el

 E
le

va
tio

n,
 m

 N
G

V
D

Data
W2 Model

N: 4835 
Mean Error: 0.02 m
Absolute ME: 0.06 m
RMS Error: 0.08 m

Cumulative average flow m3/s
QAVG= -4.0E-03
Period from JDAY 368.5 to 1379.9

Figure 7.  Reservoir #2 water balance, January 1997 to 
October 1999 

A
#2.  The water level model-data were an AME of 0.06 m and a RMS of 0.08 m.  The average 
water balance flow over the simulation period was -3.1 x10-4 m3/s, small compared to average 
Reservoir #2 flows of 21.5 m3/s. Temperatures for the water balance flows were based on the 
South Fork River water temperature record. 
 
T
possible errors.  Potential sources of error in the inflows and outflows to the two reservoirs 
include: groundwater, turbine flow rating curves, needle valve operation records, needle valve 
flow rating curves, and Howell Bunger Valve operations on Reservoir #2. Uncertainties in the 
reservoir bathymetry could also influence the water balance. 
 
T
The temperatur
predicted temperatures from 1997 to 1999 for both reservoirs.  Simulated profiles were output 
daily and compared to field data, and statistics were calculated on differences between the model 
and data.  Calibration simulations were made on Reservoir #1 first since the reservoir outflow 
temperatures would directly affect the calibration of Reservoir #2.   A Hydrolab instrument was 
used to collect profile data in each reservoir.   Adjustments were then made to model parameters 
and input files to achieve a better agreement between the data and simulated temperatures.  Once 
errors in inflows and outflows were corrected an evaporation model was chosen, the only 
adjustment parameter was the wind-sheltering coefficient (the fraction of incident wind from the 
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meteorological input data) for different times during the simulation.  Table 2 shows the error 
statistics from Reservoir #1 and Reservoir #2 model calibration.  Figure 8 and Figure 9 show 
several model-data vertical temperature profiles comparisons for Reservoir #1 and Reservoir #2. 

Table 2.  Model predictions vs. vertical profile data error statistics, 1997 to 1999 

Reservoir Number of Overall Overall RMS 
Profiles AME, oC error, oC 

Reservoir# 1 71 0.45 0.54 
Reservoir# 2 69 0.36 0.44 
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Figure 8.  Reservoir #1 model-data temperature profile comparisons, data are represented as poi and the nts 
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Figure 9.  Reservoir #2 model-data temperature profile comparisons, data are represented as poi and the 

 
redicted outflow water temperatures from Reservoir #2 

Rese  statistics 

nts 
model as a line 

P Table 3. Reservoir #2 outflow model-data 
model error statisticswere also compared with hourly temperature data.  Table 

3 shows the error statistics comparing the data and model 
results.  Further work is being conducted to improve 
winter temperature predictions of the model. The larger 
errors in Table 2 compared to Table 1 are largely a result 
of winter temperature errors. 
 

rvoir #2 Error
Numb ons er of observati 22417 
Mean Error oC -0.77 
Absolute Mean Error C o 0.82 
RMS Error oC 0.91 

 7



1263.2 1263.3 1263.4 1263.5 1263.6 1263.7 1263.8
Time, Julian day 1999

0

0.004

0.008

0.012

0.016

Tr
ac

er
 c

on
ce

nt
ra

tio
n,

 m
g/

l

4:48 7:12 9:36 12:00 14:24 16:48 19:12

1263.2 1263.3 1263.4 1263.5 1263.6 1263.7 1263.8
Time, Julian day 1999

0

0.02

0.04

0.06

0.08

Tr
ac

er
 c

on
ce

nt
ra

tio
n,

 m
g/

l

4:48 7:12 9:36 12:00 14:24 16:48 19:12

Data
Model

Below spillway plunge pool, Seg 19 (RM 6.2)

1263.2 1263.3 1263.4 1263.5 1263.6 1263.7 1263.8
Time, Julian day 1999

0.000

0.005

0.010

0.015

0.020

0.025

Tr
ac

er
 c

on
ce

nt
ra

tio
n,

 m
g/

l

4:48 7:12 9:36 12:00 14:24 16:48 19:12

1263.4 1263.5 1263.6 1263.7 1263.8 1263.9 1264
Time, Julian day 1999

0

0.004

0.008

0.012

Tr
ac

er
 c

on
ce

nt
ra

tio
n,

 m
g/

l

9:36 12:00 14:24 16:48 19:12 21:36 0:00

USGS Rt 14 Bridge, Seg 48 (RM 4.9)

Larson's Bridge, Seg 60 (RM 3.9) Bowman's Bridge, Seg 76 (RM 2.5)

ower Bull Run River:L

June 16, 1999

 

ydrodynamics 
ydraulics was first calibrated by 

flows to the Lower Bull Run River were 

he June dye study consisted of 

s 

Erro
L  

low, 

 
H
The river model h
comparing the model predicted flows against 
known flows at a gage station in the Lower Bull 
Run River.  The model was then calibrated to 
predict dye tracer concentrations at several 
locations where dye concentration data were 
collected for two dye studies (June and August 
1999).  Temperature time series plots were 
then examined during the same dye studies to 
calibrate the model for temperature. 
  
In
generated by using the gage station flow and 
subtracting out the subbasin inflows between 
the Reservoir #2 dam at river mile (RM) 6.5 
and the gage station at RM 4.9. Flows lower 
than 0.2 m3/s were replaced with a minimum 
flow of 0.2 m3/s to prevent the model from 
drying up. Table 4 shows the water level and 
flow error statistics from comparing model 
results with data observations.  Figure 10 shows 
the model flow prediction and gage station data 
at RM 4.9 during the June dye 
study. 
 
T
releasing a slug input of 0.5 kg 
of dye into the lower river. 
Samples of dye concentration 
were collected at four locations 
downstream.  The model was 
then calibrated for the dye 
injection to the lower river by 
adjusting the Manning’s friction 
factor, the slope of model 
branches, and the widths of the 
lowest layers of the model 
segments.  These bathymetry 
adjustments were necessary 
because of poor quality and 
infrequent survey data for the 
channel dimensions.  Since the 
Lower Bull Run River is a serie

r statistics at the Water F
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Figure 11.  June 1999 dye study tracer concentration time series 

Table 4.  Hydrodynamic error statistics at the 
USGS gage station, June dye study

model predictions, June Dye Study 
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of pools and slow moving stretches with waterfalls, the overall slope of 1.4% for the lower river 
was not necessarily appropriate for the W2 model.  The slope adjustments were necessary to 
adjust the model to an “equivalent” hydraulic river section for this steep mountain stream 
characterized by pools, small waterfalls, and riffles. Figure 11 shows the dye concentration 
model results and data collected at four locations.  The calibrated model matched the travel times 
of the dye concentration, but there was slightly too much numerical dispersion resulting in the 
model peak concentrations slightly under data observations.  In the first plot of Figure 11 the 
data has a higher peak concentration than the model because the data were collected directly 
from the passing dye plume before it was completely mixed across the river channel. 
 
T
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emperature 
re calibration consisted of 

anagement Strategies:

The temperatu Table 5.  Dye study temperature statistics, June 13-
18, 1999 comparing model predictions to data 

observations for a five-day period around the 
June 1999 dye study.  The model was 
calibrated by making adjustments to the shade 
reduction factor, which reflects the variability 
in the vegetation density, and the fraction of 
short-wave solar radiation immediately re-
radiated back into the water column from the 
river streambed. Tree top elevations and 
topographic inclination angles were not 
adjusted.  There were a total of six locations 
where model-data comparisons were made 
with error statistics shown in Table 5, 
indicating good agreement between the 
model and data.  Figure 12 shows the model 
results and data at four locations in the river. 
 
M  

re examined over 

he management strategies simulated were 

perature and ata.  The 

Number 
E  

Absolute RMS 
E  

River Mean 
Mile of points rror oC ME oC rror oC
6.1 10 0.40 0.40 0.42 
4.9 239 0.20 0.33 0.48 
3.9 239 0.13 0.26 0.39 
3.1 146 0.19 0.33 0.57 
2.5 239 -0.02 0.34 0.53 
1.5 238 0.03 0.34 0.50 

Management strategies we
the summer of 1998 since this represented a 
year when inflows to the reservoirs were 
normal to below normal and air 
temperatures were above normal, resulting 
in higher water demand.  The reservoir 
model was run from January 1 through 
December 31, 1998.  
 
T
designed to meet a minimum in-stream flow 
in the lower river to support fish.  Criteria 
for the amount of water for fish were 
developed by the City of Portland, Water 
Bureau based on the daily maximum air tem
philosophy of the criteria was to increase the amount of water sent to the lower river as air 

Figure 12. June 13-18 dye study temperature time 
series, Julian day 1260-1265 

 lower river flow rate d

 9



temperatures increased.  A minimum base flow released to the lower river from July 1 to October 
31 was set at 0.28 m3/s.  When the daily maximum air temperature exceeded 21 oC for 4 or more 
days in 7, then 0.85 m3/s of water was released.  When the daily maximum air temperature 
exceeded 24 oC for 4 or more days in 7, then 1.70 m3/s of water was released.  The fish flows 
represented a total volume of 5 billion gallons, almost the storage capacity of Reservoir #2 (6.9 
bgal). 
 
Reservoir #2 does not have a multiple withdrawal structure. Outflows go primarily through an 

everal withdrawal strategies were used to hold cold water until late summer and then release it 

nother management strategy increased the volume of Reservoir #2 by raising the dam 3.7 m, 

 proposed Reservoir #3 was added to 

 addition to expanding the existing water storage system to increase flexibility, the system was 

intake tower with a bottom withdrawal. One management strategy examined the flexibility 
gained by adding a multiple withdrawal structure to Reservoir #2 with three withdrawal 
elevations.  The existing withdrawal elevations for Reservoir #1 include the three powerhouse 
operation elevations and two of the five needle valve operation elevations. 
 
S
for fish.  One of these strategies used an internal withdrawal elevation control based on the 
outgoing temperature from Reservoir #2.  As the discharge water temperature exceeded 14 oC, 
the model automatically switched the withdrawal elevation to the next lowest elevation to use 
colder water. 
 
A
increasing the volume from 6.9 bgal to 8.5 bgal.  The larger reservoir also used a multiple 
withdrawal structure with elevations set for the higher dam. Several withdrawal strategies were 
also tested with the larger reservoir. 
 
A
the system and several management 
strategies were modeled to determine 
what influence it would have on 
temperatures in the Lower Bull Run 
River.  Figure 13 shows the location of 
the proposed reservoir in the watershed.  
The proposed reservoir was modeled 
with three withdrawal elevations.   
Reservoir #3, at full pool elevation, was 
determined to have a volume of 22.5 
bgal compared with the current volumes 
of 8.8 bgal and 6.9 bgal for Reservoir #1 
and Reservoir #2, respectively. 
 

Figure 13.  Proposed Reservoir # in the watershed 

In
modeled with no dams to investigate historical water temperatures in the watershed.  The model 
grid for Reservoir #2 and #1 were changed from a slope of 0 to slopes reflective of the general 
channel slope based on topography. The grid resolution at this level is very coarse and the river 
widths were estimated based on the original reservoir bathymetry. The model consisted of an 
upstream boundary condition at a gage station above Reservoir #1.  Simulations were made 
assuming 50% and 100% shading. The assumption of 50% shading was conservative compared 
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to the average shading in the Lower Bull Run River, which was 14% from June 18 to September 
30. The average shading was computed by taking the short wave solar impinging on the water 
surface divided by the incident short-wave solar radiation before shading was computed for each 
model segment of the Lower River. 
 
There were a total of 17 management strategies developed and tested with the reservoir model 

he six reservoir management strategies tested in the Lower Bull Run River were adding 

tatistics were developed for each simulation and are shown in Table 6.  The simulation with 

 

Strategy Description 
Mean water 

7/1 8 

Number Peak 

and 6 of the 17 were tested on the Lower Bull Run River on their effectiveness to meet 
temperature guidelines. The guideline criterion was that the 7 day-mean of the daily maximum 
temperature should not exceed 17.8 oC.  Temperature data in the Lower Bull Run River indicated 
the warmest water temperatures occurred at Larson’s Bridge, RM 3.9. 
 
T
selective withdrawal to Reservoir #2, increasing the volume of Reservoir #2, adding Reservoir 
#3 to the system, assuming a no-dam scenario with 50% shading in the region of Reservoir #1 
and Reservoir #2, and assuming a no-dam scenario with 100% shading in the region of Reservoir 
#1 and Reservoir #2.  These management strategies were compared against the fish flow releases 
during the summer of 1998 without any modifications to the Bull Run system.  The Lower Bull 
Run River model was run from June 18th to September 30th, 1998. 
 
S
Reservoir #3 resulted in more temperature violations than merely selective withdrawal even 
though the overall average temperature was lower. This occurs because (1) the selective 
withdrawal scheme was not optimized to account for the Reservoir #3 inflows, and (2) the 
additional inflows from Reservoir #3 into Reservoir #2 resulted in increased mixing in the 
reservoir breaking down the cold water pool, even though the average temperature was reduced. 
Table 6. Temperature statistics at Larson's Bridge for four management strategies and two no-dam strategies

Number of 
7-day temp. 
violations 
(17.8 oC) 

temp. oC 
/98 -9/30/9

of days 
>16oC 

temp. 
oC 

Base case with fish flows 20  38 15.92 44.0 .64
Selective withdrawal on 
Reservoir #2 18 15.63 35.8 19.50 

Reservoir #2 additional storage 28 15.60 42.5 19.24 
Reservoir #3 30 15.39 40.7 18.72 
No dam scenario, 50% shading 42 16.00 44.3 23.73 
No dam scenario, 100% 32 14.72 27.2 23.01 

 
CONCLUSIONS 

 
 2-D hydrodynamic and water quality model was developed for the Bull Run system consisting 

eservoir 

em 

A
of two reservoirs and the river below the reservoirs.  The model incorporated flow and 
temperature data, the bathymetry of the system, the meteorological conditions and the r
operations.  The calibrated river and reservoir models were within about 0.5 oC indicating the 
model performed well in simulating the historical operations of the reservoir system.  The syst
model was then used to examine six management strategies to reduce temperature violations in 
the Lower Bull Run River.  The management strategy results show some improvements in 
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reducing violations but there were no strategies tested which eliminated the violations.  Eve
no-dam scenario simulations showed that stream temperatures would have violated the State of 
Oregon’s temperature standard. 
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Abstract:  Warm summer stream temperatures in the Truckee River pose a threat to threatened 
and endangered fish. Through the Water Quality Settlement Agreement (WQSA), the federal 
government and local agencies have agreed to purchase water rights to be used to help manage 
water quality in the river.  In particular, stream temperature is one of the indicators used to 
measure water quality. The acquired water will be stored in upstream reservoirs and released to 
improve downstream water quality. A prototype decision support system (DSS) has been 
developed to predict when temperature violations will occur, and to make decisions about when 
and how much to increase flows using the stored WQSA water.  The DSS implements an 
empirical model to predict maximum daily Truckee River water temperatures in June, July and 
August given predicted maximum daily air temperature and modeled average daily flow. The 
empirical model is created using a step-wise linear regression selection process using 1993 and 
1994 data. The model is validated using historic data and shown to work in a predictive mode. 
The predictive model includes a prediction confidence interval to quantify the uncertainty. This 
research, funded by the U.S. Bureau of Reclamation (USBR) uses a prototype set of operational 
policies in a DSS developed in RiverWare, and develops additional rules that calculate higher 
releases using stored WQSA water if the predicted water temperature at Reno is above the target 
value. Releases are determined from the temperature prediction relationship and a user-specified 
confidence level for meeting the target. Strategies are developed to effectively use the WQSA 
water throughout the season. These strategies are based on seasonal climate forecasts, the 
temperature of the river over the previous few days, and the amount of available WQSA water. 
The DSS model is tested using historical inflows for dry hydrology from 1988 to 1994. Various 
scenarios are explored that show the effect of changing the confidence level and using seasonal 
strategies. Results show that there is not enough water to avoid all temperature violations in a 
drought, however most of the early violations can be avoided with a high degree of certainty. 

INTRODUCTION 

Low flows threaten fish by deteriorating habitat and/or water quality. One of the most common 
summer water quality problems associated with low flows is high stream temperatures—low 
flows warm up more rapidly than higher flows. High stream temperatures reduce cold water fish 
populations by inhibiting growth and by killing fish at extremely high temperatures. For this rea-
son, the impact of low flows and high stream temperatures on fish is an issue in many operations 
studies and National Environmental Policy Act (NEPA) Environmental Impact Statement (EIS) 
analyses.  
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Management of water temperature by controlling flow in a large, multi-purpose, multi-reservoir 
basin can effectively be accomplished with the assistance of a model-based decision support 
system (DSS) that can predict temperature and incorporate temperature objectives into daily 
operations objectives. A practical DSS for daily use has the following functional requirements: 

1. A water temperature prediction model that is quick, accurate, and spatially and 
temporally consistent with the operations model. 

2. Quantification of confidence associated with the temperature prediction. 
3. Operations rules that use the stream temperature prediction and its confidence level to 

release water that benefits fish. 
4. Integration of other operating releases. 
5. Seasonal strategies incorporated in the operations to trade off meeting one day’s targets 

with the ability to meet seasonal needs.  

Two types of models have been developed in the past to predict stream temperatures: empirical 
or regression models and physical process models. Regression models use data to create 
relationships to quantify and predict stream temperatures at various time scales. In contrast, 
physical process models attempt to model the underlying processes that affect stream 
temperature such as conduction, radiation, advection, and dispersion. Although a mechanistic 
temperature model could, in theory, give very accurate results, this type of model requires 
numerous detailed input data, is computationally intensive and is, therefore, difficult to 
incorporate in a river and reservoir operations model. Empirical models can be computationally 
less intensive, therefore quick to implement and validate. With regression models it is possible to 
statistically quantify the uncertainty.  

This paper describes a DSS that meets the above requirements and is organized as follows: First 
we describe the background of the Truckee River and develop and verify an empirically based 
predictive stream temperature model. Next, we develop confidence levels for the predictive 
model using standard statistical techniques. Third, we create operations rules to release water to 
try to meet stream temperature targets with a desired level of confidence. We then modify the 
rules to incorporate long-term climate forecasts and information about the previous day’s stream 
temperature. Finally, we present and discuss the results.   

TRUCKEE RIVER BACKGROUND 

The methodology developed is applied to the Truckee River in California and Nevada. The 
Truckee River flows 187 km from Lake Tahoe in California’s Sierra Nevada Mountains through 
an arid desert before terminating in Nevada’s Lake Pyramid. The upstream reservoirs, shown in 
Figure 1, are operated to meet the Floriston Rates, a legal flow target measured at the Farad 
Gage near the California and Nevada border. The flow target, which dictates many of the release 
decisions in the basin, varies between 300-500 cfs depending on the time of year and the 
reservoir levels. At certain times of the year, river flows are lower than natural flows because 
water is stored in reservoirs and/or diverted for irrigation, municipal, and industrial use. During 
the summer months the low flows result in temperatures in the lower river that are too warm for 
endangered and threatened cold water fish. In accordance with the Water Quality Settlement 
Agreement (WQSA, 1996), the federal and local government will purchase water rights that will 
be used to improve the water quality of the Truckee River. The water acquired by the WQSA 
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will be stored in upstream reservoirs as Water Quality Credit Water (WQCW) and released as 
necessary to mitigate downstream water quality problems. This study aims to improve the stream 
temperature at Reno. Below Reno, wastewater effluent and irrigation return flows enter the river, 
making accurate temperature predictions more complex and uncertain. 

Fish tolerance levels:  
Stream temperature tar-
gets for fish are the 
maximum water tem-
perature fish can tolerate 
for a given duration. The 
levels used in this paper 
are based on a summary 
of Nevada standards 
given by Brock and 
Caupp (1996) in which 
the maximum tempera-
ture for juvenile Lahon-
tan cutthroat trout in 
summer is 24 ºC. Bender 
(2001) suggested modi-
fying the targets to include four-day maximum limits and allowable one-day maximum tempera-
tures. The resulting targets, shown in Table 1, are realistic, however not official. If the tempera-
ture on any given day occurs for more than the specified number of days, the fish are adversely 
affected. In this paper, that day is defined as a violation. 

Figure 1: Study section 

Baseline operations model using 
RiverWare:  The USBR is currently 
creating a daily time-step rule-based 
model of the Truckee and Carson Rivers 
using RiverWare, a general purpose 
river and reservoir operations policy 
modeling software (Zagona et al, 2001). The rules attempt to model the current operations in the 
basin but are still under development; currently they do not represent all of the policies in the 
basin. We refer to this set of rules as the baseline operations. The baseline operations differ from 
both historical and current operations; therefore, the model cannot be calibrated or verified 
against historical observations.  

Table 1: Truckee River target temperatures 
Target (ºC) Description Time Period

Τ ≤ 22 Preferred Maximum > 4days 
22 < T ≤ 23 Chronic Maximum ≤ 4days 
23 < T ≤ 24 Acute Maximum ≤ 1day 

24 < T Absolute Maximum 0 days 

STREAM TEMPERATURE MODEL 

The goal of regression models is to fit a set of data with an equation, the simplest being a linear 
equation. The linear regression model takes the form: 

     Equation 1 nn xaxaxaaT ++++= K22110
ˆ

where T̂  is the stream temperature, a0, a1, a2, ..., an are coefficients, and x1,x2, ..., xn are indepen-
dent predictors. The available data on the Truckee River include flows, stream temperatures, and 
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air temperatures at various timesteps and locations. Most of the temperature data was collected 
after 1993. The most appropriate years to use in the empirical relationships are 1993 and 1994 
since these were dry years with low flows and high river temperatures. In addition, only data 
from June, July, and August is used. September is not included because the river cools in the 
latter half of the month. We chose to look at data for which the flow at Farad is less than 500 cfs 
because at flows above this threshold, there is rarely a temperature problem in the study reach.  

Figure 2 shows scatter plots of the candidate predictors and the maximum daily stream 
temperature at Reno along with a locally weighted regression fit (Loader, 1999). 
Since it appears 
that all of these 
predictors are 
related to Reno 
water tempera-
ture, a stepwise 
regression pro-
cedure is used to 
select the best 
subset of pre-
dictors from the 
candidate pre-
dictors. The 
stepwise proce-
dure selects the 
subset of pre-
dictors opti-
mizing on one the following indicator statistics: Mallow’s Cp, Akaike’s Information Criteria 
(AIC), R2, or adjusted R2. The AIC and Cp statistics are widely used because they try to achieve 
a good compromise between the desire to explain as much variance in the predictor variable as 
possible (minimize bias) by including all relevant predictor variables, and to minimize the 
variance of the resulting estimates (minimize the standard error) by keeping the number of 
coefficients small. The stepwise regression procedure fits all possible combinations of predictors 
and selects the model that results in the most optimal indicator statistic. We performed a 
stepwise procedure on the set of predictor variables listed above, optimizing on AIC. The 
stepwise procedure indicates that air temperature at Reno and flow at Farad are the significant 
predictors. A linear regression using the predictors selected has the following equation:  

Figure 2: Data used in regression relationship 

QaTaaT Air 210
ˆ ++=       Equation 2 

where TAir is the air temperature at Reno and Q is the flow at Farad. The regression coefficients 
are a0 = 14.4 ºC, a1 = 0.40, and a2 = -0.014 ºC/cfs. The adjusted R2 for this regression is 0.915. 
Figure 3 shows the estimated values of maximum daily Truckee River temperature at Reno from 
the regression equation plotted against the historical observations.  

A local non-linear regression model (Loader, 1999) was also fit to the data using the predictors 
selected in the linear stepwise procedure. The local non-linear regression R2 is very similar to the 
R2 found from the linear model. Because the linear model is simpler and allows for easy 
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uncertainty computations, we used the linear model. For other basins or predictors, a non-linear 
local regression fit may produce a reasonable fit.  

Model Diagnostics:  To investigate the 
performance of the regression model, we 
looked at the following diagnostics: 
normality of the residuals, auto 
correlation of the residuals, and a cross 
validation of the data. Linear regression 
theory assumes residuals are normally 
distributed and symmetric about the 
mean. To formally test for normality, a 
correlation is computed between the 
residual and normal quantiles. For the 
distribution to be normal, the correlation 
must be greater than or equal to the 95% 
confidence level, critical probability plot correlation coefficient from Helsel and Hirsch (1992). 
The correlation for our data is 0.987 and the critical value for a 95% confidence level and 108 
observations is 0.987. Therefore, the residuals are significantly normal. One of the assumptions 
of linear regression theory is that the residuals are not auto-correlated. An analysis of the auto-
correlation shows that there is some serial correlation between the residuals at lag 1 but shows 
no clear trends. Finally, a cross validation technique is used in which one historical observation 
is dropped from the fitting process and is predicted using the regression fit based on the 
remaining observations. This is repeated for all observations. The R2 value between the cross-
validated estimates and observed values is 0.91, which is quite good. This further shows that the 
relationship fits the data well.  

 
Figure 3:  Estimated versus observed daily maxi-
mum stream temperature for the Truckee River 

at Reno, NV. Dotted line represents best fit. 

Model Verification:  An empirically developed multiple linear regression model may fit the 
data used to estimate the regression coefficients very well, but its ability to predict new data is 
not certain. We validate the model using observations not used in fitting the regression to assess 
the ability of the model to predict future events. Figure 4 shows the predicted and observed 
maximum daily stream temperature at Reno for June, July, and August of 1991. The predicted 
temperatures are from Equation 2. 

Figure 4: June-August 1991, validation of maximum daily stream temperatures 

Missing predictions indicate that the Farad flow was greater than 500 cfs. The R2 value for this 
validation process, 0.74, is lower than the fitting procedure, which is consistent with linear 
regression theory. Figure 3 shows that there are two regions in the fitting procedure, the range 
above 23ºC has more scatter than the range below 23ºC. In other words, the regression is better 
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at explaining variance below 23ºC than above. As a result, the skill in predicting temperatures 
above 23ºC is not as good.  

Uncertainty of Predicted Temperatures:  To quantify the uncertainty of the regression, Helsel 
and Hirsch (1992, p. 300) define the confidence interval as the range (+/- the mean) of values in 
which the mean of estimates by regression will lie. For example, the 95% confidence interval 
indicates that 95% of the time, the mean estimated response variable will be within the interval. 
A similar concept called the prediction interval is used in a predictive mode. The prediction 
interval is defined as “the confidence interval for prediction of an estimate of an individual 
response variable.” For example, the 95% prediction interval indicates that 95% of the time the 
predicted value will be within the interval. Linear regression theory provides the upper predic-
tion interval to be approximated by (Helsel and Hirsch 1992, p. 300): 

σα ),(ˆ  Interval Prediction pnty −+=     Equation 3 
where ),( pnt −α  is the quantile given by the 100(α) percentile on the student’s t-distribution 
having n-p degrees of freedom (Ang and Tang, 1975, p. 237).  
At large degrees of freedom, (n-p), the 
students t-distribution is identical to a 
Gaussian distribution. The desired 
confidence level is 1-α and the data has a 
standard deviation σ . There are n 
observations used to create the regression 
and p explanatory variables plus one (for 
the intercept term). This means that with 
100(α) percent confidence, Equation 3 is 
the upper limit for the predicted value. 
Figure 5 shows the regression line from 
Equation 2 and the 95% confidence 
upper prediction interval line. The upper 
prediction interval is approximately 
1.5ºC from the dotted, best fit line. Lowering the prediction confidence below 95% would move 
the upper prediction interval closer to the fitted regression line (i.e. the dotted line).  

Figure 5:  Estimated versus observed daily maxi-
mum stream temperature for the Truckee River 
at Reno, NV with 95% prediction interval upper 

limit 

Prediction Confidence Distance: As the stream temperature model in Equation 2 includes flow 
as a predictor, we can release additional water to cool stream temperatures. The operations 
approach is as follows: determine reservoir releases based on baseline operating policies and 
predict the stream temperature using Equation 2. If the predicted stream temperature is above the 
target, release additional water to meet a target temperature. The regression and the prediction 
upper interval can be used to determine a strategy to determine how much additional water to 
release.  
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Using the regression model, Equation 
2, we predict a stream temperature, 
and its associated Gaussian distribu-
tion denoted by curve A. This is too 
warm and may adversely affect fish. 
By releasing more water, we can shift 
the distribution to the left. If the 
expected value of the distribution is 
shifted to the target temperature, 
TTarget, as shown by curve B, the 
probability of exceeding that target is 
0.5. Shifting the distribution to the 
left of the target temperature, a 
distance defined as PCD, gives a 
specified probability of exceeding the 
target temperature. Curve C shows 
the distribution that results by shifting the distribution to TNecessary, which is the target minus the 
PCD such that the distribution gives 0.05 probability of exceeding TTarget. The PCD is defined as: 
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Figure 6: Temperature reduction to meet desired 
exceedance probability 

σα ),(  PCD pnt −=      Equation 4 
The empirical regression formula to predict stream temperature from flow and air temperature, 
Equation 2, is used to determine how much additional water is required to lower the temperature 
such that the probability of exceeding the target is as specified. Evaluating Equation 2 with  
TNecessary as T̂ and rearranging to solve for Q, we get the required flow at Farad: 

2

01Necessary
Required a

aTaT
Q Air −−

=     Equation 5 

Subtracting Equation 2 from Equation 5 and rearranging, we get the additional flow required: 

( )
2

Necessary
Required

ˆ

a
TT

QQ
−

−
=−     Equation 6 

To generalize, we can also define TNecessary as in Figure 6: 
PCDTT −= TargetNecessary     Equation 7 

We can replace TNecessary in Equation 6 with Equation 7 to get:  

2

Target
ˆ

a
PCDTT

Q
−

+−
=Δ      Equation 8 

A lookup table was developed for each target temperature for use in the decision support system. 
For a target temperature, the table has the initial predicted temperature on one axis and the 
probability of exceedance on the other axis. The values in the table are the additional flow 
necessary to reduce the temperature to the target as calculated by Equation 8. Table 2 shows the 
additional flows needed to reach a target temperature of 22 ºC. 
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The table works as follows. 
The water temperature at 
Reno is predicted using 
Equation 2. This value is 
found in the first column, 
and the additional flow is 
found in the desired prob-
ability of exceedance col-
umn. Linear interpolation 
can be performed between 
rows if necessary.  

Table 2: Additional flow required at Farad to reduce 
maximum daily river temperature to a target of 22ºC 
  Probability of Exceedance 
  0.05 0.10 0.20 0.30 0.40 0.50 0.60

22 114 89 58 36 17 0 -17 
23 191 166 135 113 94 77 60 
24 268 243 212 190 171 154 137
25 345 320 289 267 249 231 214Pr

ed
ic

te
d 

Te
m

pe
ra

tu
re

 
(ºC

) 

26 422 397 366 344 326 308 291
Values in table are additional flow required (cfs) 

DSS DEVELOPMENT 

The rules execute the baseline operating policy to determine a flow at Farad.  Now, the stream 
temperature can be predicted and if it is too high, additional flow is released to meet the 
determined target with the desired level of confidence. Water resources managers have a number 
of variables that they can use to try different policy and release patterns as follows:  

1. Probability of exceedance (confidence level) 
2. Fish targets 
3. Climate forecasts (probability of above normal occurrence) 
4. Average volume of WQCW in storage  

Varying the probability of exceedances is a useful variable to determine how much water to 
release. Water managers might decide that on a given day they must meet the temperature target 
with a high degree of certainty and will set the probability of exceedance very low. Or, they 
might decide they only have minimal confidence in the prediction and will, therefore, not release 
as much water. Water managers can use additional information to determine the target 
temperature. This allows water managers to make use of information about the previous day’s 
stream temperature and the climate forecasts to try to avoid stream temperature violations.  The 
following sections describe the logic used to determine the stream temperature target.  

Seasonal Strategies:  To improve the use of the WQCW, seasonal strategies can be developed.  
The seasonal strategies act to modify the stream target temperature to allow for slightly higher 
temperatures under certain conditions.  The strategy uses the concept of degree-days. Each day 
of the simulation, a variable called “degree-days” is calculated as the number of degrees above 
the target for that given day. Degree-days are summed over time; each day has a cumulative 
sum, which is the current day’s degree-days plus the previous day’s cumulative degree-days. The 
degree-days are reset to zero when the stream temperature is less than or equal to the target.  The 
calculation of degree-days is a useful way to keep track of variations in temperature over time. 
We can use this policy to determine the severity of a temperature violation. If the temperature 
does not exceed the standard by very much and there were cold temperatures the day before, 
additional water is not necessary.  However, if the standard has been violated for the last four 
days, a large release may be necessary to reset the system to zero degree-days.  

Incorporating seasonal climate forecasts into WQCW release rules:  To effectively conserve 
water throughout a summer, we use a forecast from the Climate Prediction Center of the 
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National Oceanic and Atmospheric Administration (Climate, 2001) to modify temperature 
targets. The CPC produces forecasts for both 30 and 90-day periods in the middle of the previous 
month for the next period and for each subsequent period. The climate forecasts give the 
probability that the temperature will be above, near, or below normal. For an average year, the 
following probabilities are predicted: 33.3% above normal, 33.3% near normal, and 33.3% 
below normal. This paper uses the probability that the temperature will be above normal as the 
indicator variable. The anomaly probability can be read off the prediction map published by the 
CPC or in the absence of a map, estimates of the probability anomaly may be provided from 
other sources.  

Because we know the WQCW volume stored at any given time, we can create a variable called 
Storage and Forecast Factor (SAFF) that combines the available water and the climate forecast. 

occurance normal above ofy Probabilit
 WQCWavailable of Volume

=SAFF     Equation 9 

During operations, we will calculate the actual SAFF for each day. A low SAFF indicates little 
water is available and hot weather is predicted. A high SAFF indicates plenty of WQCW is 
available and cool weather is forecasted. This variable is useful because it allows the 
quantification of available water and climate forecast. 

It is necessary to be conservative in terms of water use in the beginning of the season no matter 
what scenario is used. If the actual temperature does not follow the long-term forecasts, it is 
critical to ensure water is still available to reduce water temperatures. In the middle or end of the 
season, if the SAFF is above average, we do not need to conserve water; any temperature 
violation can be eliminated. If the SAFF is below average, we must conserve as much water as 
possible, only releasing when absolutely necessary to meet the targets. Depending on the month, 
the predicted river temperature, the SAFF and the number of accumulated degree-days, a 
different target temperature is used in the DSS. Table 3 shows the logic to select the target. T̂  is 
the predicted maximum daily river temperature at Reno and DD is the degree-days from the 
previous day. The actual targets are found in Table 1. 
 Table 3: Temperature target determination  

 June July August 
  Above 

average 
SAFF 

Below 
average 
SAFF 

Above 
average 
SAFF 

Below 
average 
SAFF 

T̂  >25 ºC and DD ≤ 4 Chronic Chronic Chronic Preferred Chronic 
T̂  > 25 ºC and DD > 4 Preferred Preferred Preferred Preferred Preferred 

24 ºC ≤ T̂  ≤ 25 ºC 
and 1 ≤ DD < 4 

Chronic Preferred Chronic Preferred Preferred 

24 ºC ≤ T̂  ≤ 25 ºC and DD < 1 Acute Chronic Acute Preferred Chronic 
24 ºC ≤ T̂  ≤ 25 ºC and DD > 4 Preferred Preferred Preferred Preferred Preferred 
22 ºC ≤ T̂  ≤ 24 ºC and DD < 4 Chronic Preferred Chronic Preferred Chronic 
22 ºC ≤ T̂  ≤ 24 ºC and DD ≤ 4 Preferred Preferred Preferred Preferred Preferred 
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RESULTS 

We applied the DSS to the period from 1980-1997. Of those years, 1988-1994 were dry years; 
the flow target was not always met during the summer. The results presented cannot be 
compared to observed river temperatures because the policies modeled in the DSS are not 
comparable to historic operations. The baseline policies in the DSS reflect the current stage of 
development of the policy rules by the USBR. These rules reflect most of the legal policies, but 
omit some policies and operations that influence releases like reservoir maintenance, operating 
errors, or human judgment. We define scenarios simulated by the DSS runs with a particular set 
of input values and operating policies. Table 4 shows the scenarios that are investigated.  
 

Table 4:  DSS scenarios 
Scenari

o 
Description 

1 Baseline USBR operations policy: 
  WQCW storage and spill only. 
2 Operations with: 
  WQCW storage and spill 
  WQCW releases to meet stream temperature target of 22º C 
  Probability of stream temperature exceedance = 0.1 
  No seasonal strategies 
3 Operations with: 
  WQCW storage and spill 
  WQCW releases to meet stream temperature target of 22º C 
  Probability of stream temperature exceedance = 0.3 
  No seasonal strategies 
4 Operations with: 
  WQCW storage and spill 
  WQCW releases to meet target calculated in Table 3 
  Probability of stream temperature exceedance = 0.3 

  Seasonal strategies that include degree-days and climate 
forecast 

We present results from 1994 and the total volume of WQCW used from 1988-1994. Results 
presented for each run include the maximum daily river temperature at Reno, the number of 
violations for each scenario, and the amount of water that is used in each scenario. Figure 7 
shows the maximum daily stream temperature at Reno for each scenario for 1994. Having a low 
probability of exceedance in scenario 2, leads to much lower stream temperatures, but, all of the 
water is used by the end of July.  Using a higher probability of exceedance, scenario 3, water 
lasts through the middle of August.  Finally, changing the target based on the climate forecast 
and the previous day’s stream temperature, in scenario 4, leads to higher temperatures but no 
additional violations with enough water to last until the end of the season.   
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Figure 7: Maximum daily river temperature at Reno, 1994 
In addition, it is necessary to look at the number of violations and the volume of water released.  
To have a valid comparison, we will look at the results from 1988-1994 as shown in Table 5.  
The number of violations de-
creases as we increase the 
probability of exceedance.  In 
addition, using information 
about the previous day’s 
stream temperature and climate 
forecast in scenario 4 decreases 
the number of violations.  By 
effectively managing the water it is possible to reduce the number of violations without using 
more water.   

Table 5: Violations and WQCW released (1988-1994) 

 
Number of Violation 

(days) 
WQCW Released 

(acre-feet) 
Scenario 1 216 23000 (spill) 
Scenario 2 117 63000 
Scenario 3 94 62800 
Scenario 4 76 62600 

DISCUSSION AND SUMMARY 

Discussion: The stepwise selection procedure creates a standardized process to select the most 
relevant predictors. This is useful when there are large amounts of data that appear to be related 
to the stream temperature. For summer Truckee River stream temperatures, the most significant 
predictors are flow and air temperature. The stream temperature prediction model fits the historic 
data well (R2 = 0.9) and fits the verification period relatively well. A more accurate, less simple 
model could be developed, particularly for the high temperature range. The relationships in this 
study were strongly linear therefore linear regression is adequate. In other studies, non-linear 
techniques that can capture the dependence structure are attractive and should be explored. Fur-
ther data and monitoring will help to improve the relationship to make it more certain. Less 
water will be necessary to meet the temperature targets with the desired probability of 
exceedance allowing water to be saved for the future.  

Results were presented that show that large volumes of water are necessary to meet a 
temperature target with a high degree of certainty and extreme violations may still occur if all of 
the WQCW is used. A lower degree of certainty uses less water but there is a higher probability 
that the temperature target will be exceeded. Seasonal strategies to conserve water throughout 
the summer were then presented that allow minor violations to occur. Even with seasonal 
strategies, extreme violations still occur when all of the water is used. No matter what policy or 
strategy is used, not all of the temperature violations can be avoided without additional water. 
This shows that additional water may need to be purchased.   
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The framework developed in this paper will perform better in daily operations because of 
additional observed data. To determine how much water to release on a given day, observed data 
from previous days is available. In addition, climate forecasts can be updated monthly. Both of 
these improve the use of the limited supply of water by including additional information. The 
structure of the prediction model lends itself to relatively easy computation of uncertainties of 
the prediction. These uncertainties provide useful information in deciding how much water to 
release. The results of the scenarios illustrate that the efficient use of water is highly dependent 
on the required confidence level to meet the targets. 

Summary:  We presented a regression model to predict daily maximum stream temperatures. A 
stepwise procedure was used to select a parsimonious set of predictors that capture as much 
variance of the stream temperature as possible. The results show that Truckee River stream 
temperatures at Reno can be predicted using a simple linear regression relationship based on 
flow and air temperature. Linear regression theory is used to quantify the prediction uncertainty. 
A DSS is created that models baseline operating policy and predicts the stream temperature 
based on these releases. Using the uncertainty calculation, a method is developed to determine 
the additional flow required to meet a target temperature with a desired level of confidence.  
Results show that this procedure will reduce the number of temperature violations.  In addition, 
seasonal strategies further decrease the number of violations without using more water. 

REFERENCES 

Ang, A. H-S., Tang, W. H., 1975, Probability Concepts in Engineering Planning and Design, 
John Wiley and Sons, New York, NY. 

Bender, M., 2001, U.S. Bureau of Reclamation, Personal Communication. 
Brock, J. T., and Caupp, C. L., 1996, Application of DSSAMt Water Quality Model - Truckee 

River, Nevada for Truckee River Operating Agreement (TROA) DEIS/DEIR: Simulated 
River Temperatures for TROA, Technical Report No. RCR96-7.0, Submitted to U.S. 
Bureau of Reclamation, Carson City, Nevada, Rapid Creek Research, Inc., Boise, Idaho. 

Climate Prediction Center web site, visited Oct. 15, 2001, www.cpc.ncep.noaa.gov. 
Helsel, D. R., and Hirsch, R. M, 1992, Statistical Methods in Water Resources, Elsevier Science 

Publishers B.V., Amsterdam. 
Loader, C., 1999, Statistics and Computing: Local Regression and Likelihood, Springer: NY.  
Neumann, D. W., Zagona, E. A., and Rajagopalan, B., 2002, A Decision Support System to 

Manage Summer Stream Temperatures for Water Quality Improvement in the Truckee 
River near Reno, NV, Journal of Water Resources Planning and Management, ASCE, to be 
submitted. 

Neumann, D. W., Zagona, E. A., and Rajagopalan, B., 2002, A Regression Model for Daily 
Maximum Stream Temperature, Journal of Environmental Engineering, ASCE, submitted. 

Scott, T., 2001, U.S. Bureau of Reclamation, Personal Communication. 
Truckee River Water Quality Settlement Agreement, 1996.  
Zagona, E. A., Fulp, T. J., Shane, R., Magee, T., and Goranflo, H. M., 2001, RiverWare: A 

Generalized Tool for Complex Reservoir System Modeling, Journal of the AWRA, 37(4): 
913-929. 

 12



ACCURATE MODELLING OF WATER QUALITY TRANSPORT IN OPEN 
CHANNELS 

 
R. I. Patel, Civil Engineering Department, S. V. Regional College of Engg. & Tech., Surat-

395007, Gujarat; Rajeev Misra, Civil Engineering Department, Indian Institute of 
Technology, Bombay, Mumbai – 400 076, Maharashtra. 

 
Civil Engineering Department, S. V. Regional College of Engg. & Tech., Surat-395007, 

Gujarat, India, Tel: +91-0261-3221437(R), Fax: +91-0261-3221809, E-mail: 
ripat2@yahoo.com 

 
 
Abstract A methodology for developing several higher order explicit schemes for the simulation 
of one dimensional pollutant transport in open channels is introduced in this paper. Based on the 
proposed methodology, four new explicit schemes are developed. Split operator technique is 
used for the solution of advection-diffusion equation. Results of the developed schemes in 
conjunction with conventional schemes for conservative and non-conservative pollutant 
transport in open channels are obtained and compared with the analytical solution. It is observed 
that the proposed schemes in conjunction with conventional schemes yield accurate simulation 
for the cases under consideration. 
 

INTRODUCTION 
 
Accurate modelling of water quality transport in natural and man made water conveyance 
systems is important for effective environmental management and remedial measures. Presence 
of small quantities of pollutants in watercourse may results in environmental hazards, and is of 
prime concern to the environmental engineers. Law of mass conservation for constituent 
provides the basis for mathematical modelling of pollutants transport through a system of open 
channels. Physico-chemical transport process of reacting and non-reacting solutes/pollutants in 
open channel systems is modeled by advection-diffusion equation.  
 
Analytical solutions of transport equation for different cases are available in literature (Adrian 
and Alshawabkeh 1997, Aral and Liao 1996, Fischer 1968, Zoppou and Knight 1997). Most of 
the available analytical solutions are restricted to simple initial and boundary conditions, 
coefficients with unrealistically simple functions of space and/or time, uniform flow in prismatic 
channels, and there by have a limited practical relevance. Apart from these limitations, the 
implementation of these analytical solutions often require numerical evaluation of complex 
convolution integrals, which are computationally expensive as compared to numerical solutions 
of transport equations. Further, due to numerical evaluation of these integrals, the accuracy of 
analytical solutions can no longer be claimed to be superior to numerical schemes. Hence, for 
most of the practical applications that involves complex initial and boundary conditions, 
modelers are forced to resort to the numerical solution of transport equations.  
 
Several numerical approaches such as finite difference, finite volume, essentially non-oscillatory 
schemes, finite element, finite analytic, Eulerian and Lagrangian, and split operator over fixed, 



variable and/or scattered grids are reported in the literature for the solution of transport equation. 
Several other approaches such as upwinding approximation (Dresnack and Dobbins 1968), use 
of Hermite Polynomials (Holly and Preissmann 1977, Yang and Hsu 1990), Lagrangian (Runkel 
and Chapara 1993, Manson and Wallis1999, Bravo 1997), and matched diffusivity (Koussis et 
al. 1983) also have been put forward for the solution of transport equation. Several schemes such 
as QUICK and QUICKEST (Leonard 1997), Exact Peak Capturing and Essentially Oscillation 
Free scheme (Yeh and Chang 1992), LAMBDA (McBride and Rutherford 1984) and split 
operator schemes have been developed.  
 
Numerical solution of differential form of conservation laws has been an area of extensive 
research since the dawn of computers. Numerous computational algorithms, methods or schemes 
have been developed, but only a few specific problems could be solved efficiently and accurately 
(Yeh and Chang 1992). Due to presence of both hyperbolic (advective process) and parabolic 
(diffusive process) terms in the transport equations, most of the conventional numerical schemes 
are vulnerable to spurious damping or oscillations, numerical dispersion, phase errors, peak 
clipping and/or valley elevating etc. leading to an inaccurate simulation.  
 
Split operator technique is used for an accurate modelling of transport of pollutants. A 
methodology for developing several higher order explicit schemes for an accurate modelling of 
diffusive component of one dimensional pollutant transport in open channels is introduced in this 
paper. Advective component of the transport equation is modelled using several conventional 
schemes. Based on the proposed methodology (Patel 2000), four new schemes are developed for 
the modeling of diffusive component of transport process of conservative and non-conservative 
pollutants in open channels. It is observed that proposed schemes in combination with 
conventional schemes accurately simulates the cases under consideration. 
 

GOVERNING EQUATIONS 
 

One-dimensional multi-species solute transport equations can be written as  
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Where, C = solute concentration; t = time; x  = spatial coordinate; u = mean stream velocity in x 
direction and is obtained from the flow simulation models; ∈ = longitudinal dispersion 
coefficient; Q* = lateral flow; C* = concentration of lateral input; R = sorption term (taken as 
unity in this case); δ(x - xA) = Direc delta function; S = source/sink terms. The subscripts A, 
B…refers to the different species of constituents. 
 
Conservative Pollutant Transport: For conservative (non-reacting) pollutants 

 
 SA = 0       (3) 



 
and only (1) is used.  
 
Non-conservative (Decaying/Reacting) Pollutant Transport: For non-conservative (decaying/ 
reacting) pollutants  

 
SA = K1CA

m
              (4) 

 
Where, m = order of chemical kinetics, m=1 for first order kinetics, K1 = first order decay co-
efficient and only (1) is used. Similarly, for coupled BOD-DO modelling (a special case of multi-
species reacting solute transport) 
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where k1 = rate of oxidation of BOD; k2 = re-aeration rate coefficient; CA = cross-section 
average BOD concentration; CB = cross-section average DO deficit concentration. For the above 
cases, Eqn. (1) or/and Eqn. (2) along with Eqn. (3), (4) or (5) can be solved as a single or 
coupled system of differential equation(s). Eqn. (1) or Eqn. (2) can be written as  
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Split Operator Techniques: In this technique, governing equation of advection-diffusion model 
is split in to two equations such that each of it conserves the advective and diffusive solute 
fluxes. The use of this method is becoming increasingly popular (Komatsu et al. 1997, Hager and 
Droux 1987). Splitting (6), advective flux equation is written as  
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and diffusive flux equation is written as  
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where S = Sa + Sd. Equations (7) and (8), are solved separately and solutions are super imposed  
appropriately. The superposition of these fluxes can be achieved in several ways. However, in the 
present analysis, more popular successive solution technique is adopted. In this technique, one of 
the two equations (7) is solved numerically to obtain Ct+Δt, and subsequently the other equation 
(8) is solved numerically using the present time step solution of the first equation treated as 
previous time step solution. This is achieved in following manner. 

 
1. Set t

aC = tC , For the known values of t
aC solve advective flux equation  
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using any conventional schemes to obtain  as new advective front at t + Δt. tt

aC Δ+

2. Set t
dC = tt

aC Δ+ , For the known values of t
dC solve the diffusive flux equation  
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using developed higher order explicit schemes to obtain  as new diffusive front at t + Δt 
over the new advective front.  

tt
dC Δ+

 
3. ttC Δ+ = tt

dC Δ+                          (11) 

to obtain the solution of (6) at t + Δt as .  ttC Δ+

 
It should be noted that for known values of at time t, the objective of pollution routing is to 
obtain the new position of advective-diffusive solute front  at time step t + Δt. The same is 
obtained using above three steps of split operator technique. It should also be noted that above 
procedure does not pose any restriction on numerical schemes to be used for the solution of (7) 
and (8). Hence, Equation (7) and (8) can be solved by different numerical schemes as is 
conventionally done (Cunge et al. 1980, Yang and Hsu 1990). Depending upon the different 
ways of solving (7) and (8), several numerical schemes can be developed. In this paper, 
advective flux equation is solved using conventional schemes such as Holly-Preissmann (HP), 
Holly-Preissmann time line (HPTL), and characteristic grid (MOC), and diffusive flux equation 
is solved using higher order explicit schemes (HOES) developed based on the methodology as 
described in the subsequent section of this paper. On line of development of higher order explicit 
schemes for diffusive flux, similar schemes can be developed for advective flux.  

tC
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MATHEMATICAL FORMULATION 

 
A methodology for developing several higher order explicit schemes for the solution of diffusive 
flux is described here. Using difference approximation and replacing Cd = C (diffusion) for 
simplicity, (8) can be expressed as, 
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where  = source / sink term. The set of difference equations for all nodes along with 
boundary conditions are expressed in the matrix form as,  
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In which, C = nodal concentration vector; Ad = coefficient matrix; B = boundary condition 
matrix. Eqn. (13) can be analytically solved as, 
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in which I = identity matrix. Exponentiation of the matrix AdΔt results in a dense matrix. There 
are different ways of computing exponent of a matrix. However, commonly used techniques for 
matrix exponentiation are not explicit in nature. Performing an exact exponentiation of matrix 
implicitly or at each time step would be computationally uneconomical and cumbersome. In the 
proposed methodology, the exponent of the matrix is constructed in different ways resulting in 
different levels of approximations (order of accuracy). In the proposed methodology, coefficient 
matrix AdΔt is split in such a way that each matrix consists of 2 X 2 block diagonal matrices that 
are exponentiated analytically in closed form. The final exponentiated matrices are assembled 

together to obtain an approximation of the matrix . There are several ways of splitting 
matrices. Depending upon the ways of splitting of coefficient matrix, its exponentiation and 

assemblage of final expression for approximation of the matrix , four schemes are 
developed.  
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Second Order Explicit Schemes: Splitting coefficient matrix AdΔt in to two block diagonal 
matrices,  Ad

eΔt and Ad
oΔt as, 
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In which, ( )i2

id xt ΔΔ∈=α = the diffusion Courant number. Finding exponent of each of them 

separately and evaluating   td
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Exponent of each block of block matrix is (Kreyszig, 1993)  
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Substitution of (17) for each block of (15), exponent of matrices Ad

eΔt and Ad
oΔt are obtained. 

Using this approach, two novel second order schemes are developed. 
 
Second Order Nodal Scheme: An expression for C at node i is obtained by multiplying 
matrices and as, te
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Substituting for in (14), the expression of C for odd node i is, td
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and for even node i, 
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where coefficients e, f, g and h are as defined in (17).  
 
Second Order Cell Centered Scheme: Following above procedure, expression for cell centered 
values of C at node i is 
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In which, coefficients e, f, g and h are as defined in (17). Unlike nodal scheme, expression for 
even and odd nodes is same for cell-centered schemes. 
 
Third Order Explicit Schemes: In these schemes, the coefficient matrix AdΔt is split in to three 
block diagonal matrices. Exponent of these matrices results in to block diagonal matrix. Using 
exponent of the block matrix, on line of the second order schemes, two, third order schemes 
namely third order nodal and third order cell-centered schemes can be evolved.  
 

APPLICATIONS 
 
As discussed in split operator technique, developed higher order explicit schemes in conjunction 
with conventional schemes are used to simulate the transport of conservative and non-
conservative pollutant in open channels. Results of these cases are compared with the analytical 
solutions and discussed in the subsequent section.  
 
Conservative Pollutant Transport in Uniform Flow Field: In this application, transport of 
conservative constituent in the uniform flow field is studied. Transient movement of the solute 
front arising due to sudden continuous injection of solute at upstream end over an initially solute 
free (initial concentration is 0 ppm) flow field of velocity 1 m/s is simulated. A dispersion 
coefficient of 40 m2/s, grid spacing of 100 m, time step of 20 sec for higher order explicit 
schemes used for advection as well as diffusion and 80 sec. for all conventional schemes used for 
advection part is considered. Time step is chosen with a view to arrive at accurate simulations 
and also to satisfy the stability criterion. The results for this case are compared with the 
following analytical solution.  
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Where, C(x, t) is the concentration at any longitudinal distance x and time t, C0 = concentration 
at upstream end for t > 0; Where, u = mean stream velocity in x direction and is obtained from 
the flow simulation models; ∈ = longitudinal dispersion coefficient; The dimensionless 
concentration profiles at 1000 sec, 2000 sec, 4000 sec and 8000 sec. are compared with the 
analytical solution as shown in Fig.1. Results of the split operator based conventional schemes 
(HP, MOC, HOES) for advective front and proposed higher order explicit schemes (HOES) for 
diffusive front, matches closely with the analytical solution. Holly-Preissmann Time Line and 
higher order explicit schemes exhibits small oscillations. However the use of different space and 
time steps produces oscillation free simulations for these schemes. 
 
Non-Conservative Pollutant Transport In Uniform Flow Field: The transport of a decaying 
constituent such as Chlorine, in a uniform flow field is studied. Transient movement of the solute 
front arising due to sudden continuous injection of solute at upstream end over an initially solute 
free (initial concentration is 0 ppm) flow field of 1 m/s is simulated. A first order decay constant 
of 3/day is assumed. A dispersion coefficient of 40 m2/s, a grid spacing of 100 m, time step of 20 
sec. for higher order explicit schemes used for advection as well as diffusion and 80 sec. for all 
conventional schemes used for advection part is considered. The results are compared with the 
following analytical solution for this case, i.e. 
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where, u, ∈, C(x, t), C0, x, t, are same as defined above. K1 = first order decay constant of the 
solute. The dimensionless concentration profiles at 2000 sec, 4000 sec, 8000 sec and 10000 sec. 
are compared with analytical solution in Fig. 2. Split operator based conventional schemes (HP, 
MOC, HOES) for advective front and proposed higher order explicit schemes (HOES) for 
diffusive front closely reproduces the analytical solution. Holly-Preissmann Time Line and 
higher order explicit schemes exhibits small oscillations. However the use of different space and 
time steps produces oscillation free simulations for these schemes. 
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USING ARTIFICIAL NEURAL NETWORK MODELS TO ESTIMATE WATER 
TEMPERATURES IN SMALL STREAMS IN WESTERN OREGON 

 
By J. C. Risley, Hydrologist, U.S. Geological Survey, Portland, Oregon, jrisley@usgs.gov; 
E. A. Roehl Jr., Statistician Consultant, Greenville, South Carolina, EARoehl@aol.com 

 
Abstract: As a water-quality characteristic, water temperature is a major concern in Oregon. 
Temperature affects dissolved oxygen concentrations, biochemical oxygen demand rates, algae 
production, and contaminant toxicity. Temperature also has a major effect on the distribution, 
health, and survival of native salmonids (salmon, trout, and charr) and other aquatic species. 
Although elevated water temperatures occur naturally, they are also induced by anthropogenic 
activities such as effluent point sources, removal of riparian shading, stream channel alterations, 
water diversions, and urbanization. To reduce the effects of elevated water temperatures, the 
State of Oregon is developing Total Maximum Daily Load (TMDL) plans for stream reaches that 
exceed State standards. A reliable method of estimating water temperatures that reflect “natural” 
or undisturbed conditions for these currently disturbed reaches was needed. In response to this 
need, neural network models were developed to estimate “natural” water temperatures in small 
streams using data collected at 148 sites throughout western Oregon from June to October 1999. 
The sites were located on 1st, 2nd, or 3rd order streams having undisturbed or minimally dis-
turbed conditions. Data collected at each site included hourly water temperature and riparian 
habitat. Additional data pertaining to the landscape characteristics of the basins upstream of the 
sites were assembled using geographic information system (GIS) techniques. Hourly 
meteorological time series data collected at 25 locations within the study region were also 
assembled. Cluster analyses were used to partition 142 sites into 3 groups. Separate models were 
developed for each group. The riparian habitat, basin characteristic, and meteorological time 
series data were independent variables and water temperature time series were dependent 
variables to the models, respectively. Approximately one-third of the data vectors were used for 
model training and the remaining two-thirds were used for model testing. Critical input variables 
included riparian shading, site elevation, and percent forested area of the basin. Root mean 
square error for the models ranged from 0.05 to 0.59 degrees Celsius. Final output from the 
models included a simulated hourly temperature time series from June to October. The models 
also were validated using temperature time series, habitat, and basin landscape data from 6 sites 
that were separate from the 142 sites used to develop the models. 
 
 

INTRODUCTION 
 
In recent years several salmonid species in Oregon have been listed as threatened or endangered 
under the Federal Endangered Species Act (ESA). Temperature has a major effect on the 
distribution, health, and survival of native salmonids (salmon, trout, and charr) and other aquatic 
species. Feeding, growth, resistance to disease, competitive ability, and predator avoidance are 
impaired when salmonids are exposed to unsuitable temperatures. 
 
In addition to ESA issues, many States have adopted water temperature standards as a part of 
their compliance with the Federal Clean Water Act. Elevated water temperature is the single 
most common water-quality violation for streams in Oregon. The State water temperature 
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standard, which is 64-degrees Fahrenheit (17.8-degrees Celsius) based on a 7-day moving 
average maximum daily temperature for most streams with cold-water fisheries, is often 
exceeded each year in hundreds of stream reaches. If a waterway is designated as “water-quality 
limited,” the State must develop a Total Maximum Daily Load (TMDL) plan for that water body 
to meet the established water-quality standard. An efficient and reliable method of estimating 
physically achievable water temperatures that reflect “natural” or undisturbed conditions for a 
reach was needed. Because of the complexity in developing adequate water temperature 
prediction models, an approach using artificial neural network models (ANN) was chosen for 
this study. An ANN is a flexible mathematical structure capable of describing complex nonlinear 
relationships between input and output data sets that are typically found in natural systems. 
 
 

STUDY AREA 
 
Located in western Oregon, the boundaries of the study area are the Columbia River (north), the 
California border (south), the Pacific Ocean (west), and the Cascade Range divide (east) (figure 
1). This region covers approximately 30,000 square miles. Elevations range from less than 10 
feet above sea level near the Columbia River to more than 10,000 feet in the Cascade Range. 
Almost 3 million people, representing approximately 85 percent of the State’s population (2000 
census), live in the region. The region supports an economy based on agriculture, manufacturing, 
timber, and recreation, and contains extensive fish and wildlife habitat. 
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Western Oregon has a temperate marine climate characterized by dry summers and wet winters. 
Typically, over 80 percent of precipitation falls between October and May. Mean annual 
precipitation ranges from about 20 inches in Medford to 175 inches at crests in the Coast Range 
Mountains. About 35 percent of the precipitation falls as snow at the 4,000 foot elevation, and 
more than 75 percent falls as snow at 7,000 feet. Because the region is largely dominated by 
maritime systems, the range of both seasonal and diurnal air temperatures is relatively small. 
 
On the basis of various geologic, physiographic, biological, and climatic indices, the study area 
has been divided into four ecoregions (Level III) (U.S. Environmental Protection Agency, 1996). 
These ecoregions include the Coast Range, Willamette Valley, Cascades, and Klamath 
Mountains. 
 
 

DATA 
 
Water temperature time series data were collected at field sites and used as the dependent (Y) 
variable of the model. Other data used as independent (X) variables to the model (described 
below) included data from stream habitat surveys, basin characteristics data, and meteorological 
time series data. 

Water Temperature: Continuous hourly water temperature was collected by the USGS and the 
Oregon Department of Environmental Quality at 148 western Oregon stream sites during the 
1999 low-flow period (May through September). The sites were located on 1st, 2nd, or 3rd order 
streams. The streams at these sites drained basins ranging in size from 0.32 to over 300 square 
kilometers. Site elevations ranged from 7.2 to 1445.8 meters above mean sea level. 
 
The criteria used to locate the sites were based on accessibility and a minimum of upstream 
anthropogenic impacts. Sites downstream of sewage or industrial outfalls sources were not used. 
Also, most locations that had been extensively denuded of riparian vegetation were not used. 
However, an attempt was made to provide an even distribution of sites across the study region. 
Locating sites with minimal anthropogenic impacts was more difficult in populated agricultural 
lowlands, such as the Willamette valley, than in forested regions in the Cascades. 
 
Stream Habitat Surveys: Stream habitat surveys were conducted at all the sites during the 
summer of 1999. The surveys used the U.S. Environmental Protection Agency (EPA) 
Environmental Monitoring and Assessment Program (EMAP) field methods for measuring 
physical habitat in wadeable streams (Kaufmann and Robison, 1994; 1998). The methodology 
used to compute metrics from the field data are described in Kaufmann and others (1999). Each 
survey was made along a stream reach just upstream of the temperature probe location. The 
length of the stream reach was 40 times the width of the stream at the temperature probe 
location, but no shorter than 150 meters. Habitat measurements were taken at 11 cross sections at 
equal intervals along the stream reach. For this study, only EMAP habitat parameters that had a 
direct or indirect relationship to water temperature were measured. These parameters were 
stream bearing, stream gradient, canopy cover, stream wetted widths, stream depth, and stream- 
bed substrate. Canopy cover was measured using a Convex Spherical Densiometer, model B. 
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Basin Characteristics: For many streams, the temperature at a particular location is influenced 
by habitat and vegetation conditions that exist farther upstream than the length of the stream 
reach defined for the habitat field surveys (40 times the downstream channel width). Using 
geographic information system (GIS) data, topographic and vegetation characteristics of the 
drainage basin above the temperature probe were compiled. The 148 basins upstream of the sites 
were delineated using 10-meter Digital Elevation Models (DEM). The percentage of forest cover 
and forest cover density were computed for each basin using a coverage of forest stand 
disturbance created from LANDSAT imagery. Mean summer air temperatures were determined 
for each site using spatial climate coverages of mean monthly air temperatures (1961-1990) 
developed by Daly and others (1997). The mean for the summer period was based on the months 
of May through September. 
 
Climate: Hourly meteorological time series data used as input to the models included air 
temperature, dew-point temperature, short-wave solar radiation, barometric air pressure, 
snowpack, and precipitation from 25 locations within the study area. 
 
 

NEURAL NETWORK MODELS 
 
Artificial neural network models (ANN) have been used in industrial applications for years, 
ANNs are increasingly being used in environmental sciences particularly for problems where the 
characteristics of the processes are nonlinear and difficult to model using a mechanistic 
modeling approach. An ANN model is a flexible mathematical structure capable of describing 
complex nonlinear relationships between input and output data sets that are typically found in 
natural systems. The architecture of ANNs is loosely based on the biological nervous system 
(Hinton, 1992). ANNs contain interconnected units that are similar to neurons. The function of 
the synapse is modeled by a modifiable weight that is associated with each connection. Probably 
the most commonly used ANN is the feed-forward neural network as shown in figure 2. This 
example contains three nodes in the input layer, five nodes in the hidden layer, and a single node 
in the output layer. The model output is generated by feeding input data through the model from 
left to right. The output from each hidden layer node hj is computed in the following equation: 
 

hj = tanh[∑ Xi
1wij + 

1bj]    (1)  i 
 
where 
 hj  is the computed output from each hidden-layer node, 
 i  is the input layer node index, 
 j  is the hidden-layer node index, 
 Xi  is the input variable, 
 1wij is the hidden layer weight, and 
 1bj  is hidden-layer bias. 
 
Output from the neural network model is computed in the following: 

Y = ∑ hj 
2wj + 2b     (2)  j 
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where 
 Y  is the output variable 
 2wj  is the output layer weights, and 
 2b  is the output layer bias. 
 
Nonlinear relationships in the model are represented by the hyperbolic tangent function, a 
sigmoid-shaped function, in the hidden-layer nodes. However, the output variable, Y, is a linear 
function of the weighted hidden-layer outputs. 
 
The mean squared error of the neural network model is defined as: 
 

E = (1/N)∑ (Y – Yobs)2     (3)  cases 

where 
 E  is the mean squared error, 
 N  is the number of input and output cases, 
 Y  is the predicted output, and 
 Yobs is the observed output. 
 

 
 
Figure 2.--Feed-forward neural network architecture showing three inputs, five hidden-layer 
nodes, and a single output. 
 
Training the ANN involves minimizing the mean-squared error by continually adjusting the 
model weights and bias terms. Usually training is accomplished using a nonlinear multivariate 
optimization algorithm. The backpropagation algorithm (gradient descent) is commonly used in 
many ANN software packages 
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MODEL DEVELOPMENT 
 
Cluster Analysis: Cluster analysis was done on the observed water temperature data from 142 
sites. (Six sites were removed from the original set of 148 sites and used for post model 
development validation.) This analysis was done to identify more homogenous subgroups within 
the overall group. Because of the climatic, topographic, and ecological heterogeneity within 
western Oregon, it was assumed that water temperatures could be better predicted using several 
neural network models rather than a single model for the entire region. A single model 
encompassing a region the size of western Oregon might not have been capable of predicting as 
accurately and would have required additional input variables. The analysis found that three 
subgroups, which would yield three separate models, were optimal.  
 
Group 1 sites are generally located in warmer climate regions at lower elevations and in the 
southern portion of the study area. This includes the Klamath Mountains ecoregion and the 
Willamette River valley lowlands. However, group 2 sites are more predominant at higher 
elevations, particularly the Cascades. Group 3 sites are not restricted to any geographic area in 
western Oregon. 
 
Neural Network Model Framework: Using a decomposition approach, the hourly temperature 
time series was broken into static, chaotic, and periodic components. The static component is the 
mean temperature for the modeling period (June 21 to September 20). The chaotic component is 
the normalized 24-hour moving average temperature. The periodic component is the normalized 
residual of the 24 hour period. The breakdown of these components is shown in the following: 
 

HOURLY = MEANT + NAVG24 + NHOURLY (4) 
where 
HOURLY  is hourly temperature, 
MEANT  is the mean of hourly temperature for the simulation period (static component), 
NAVG24  is the normalized 24-hour moving average temperature (chaotic component), and 
NHOURLY  is the normalized 24-hour residual (periodic component). 
 
The chaotic component can be espressed as: 
 

NAVG24 = 24AVG – MEANT  (5) 
where 
24AVG  is the 24-hour moving average hourly temperature data. 
 
The periodic component can be espressed as: 
 

NHOURLY = HOURLY - MEANT - NAVG24  (6) 
 
A group assignment ANN model also was developed to determine which of the three groups, 
determined in the cluster analysis, a model user’s site might fall into. This model uses site 
specific data (stream habitat and basin characteristics) as input variables. The output variable is 
an assignment value to either group 1, 2, or 3. 
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To predict the static component, a single neural network model was used for all 142 sites. Like 
the group assignment model, only site specific data (stream habitat and basin characteristics) 
were used as input variables. 
 
For the chaotic and periodic components, separate sets of neural network models were created 
for each of the three groups. Having a sufficient number of sites, groups 2 and 3 were further 
subdivided into northern and southern zones. The dividing lines separating group 2 and 3 are the 
latitudes 44 degrees 34 minutes 12 seconds (44.57 in decimal degree units) and 44 degrees 18 
minutes 0 seconds (44.30 in decimal degree units), respectively. Separate sets of models were 
made for each zone in groups 2 and 3. In all a total of five separate sets of models (for the 
chaotic and periodic components) were developed. Input variables for both the chaotic and 
periodic models were developed using stream habitat, basin characteristics, and hourly 
meteorological data 
 
Model Training: During each training session, continual adjustments are automatically made to 
the model weights and bias terms to maximize the correlation coefficient and minimize the 
mean-squared error. The simulation is completed when the correlation coefficient and mean- 
squared error terms have stabilized. The neural network software allows the user to randomly 
divide the data points into separate training and testing sets. During the training simulation, the 
model is developed from just the training data set. The software then tests the model using the 
testing data set. Often “over training” occurs if both the correlation coefficient and mean-squared 
error terms for the testing data set are significantly lower and higher, respectively, than 
corresponding terms for the training data set. 
 
The statistical results for all the models are shown in table 1. Squared correlations and root mean 
square error for the training models ranged from 0.88 to 0.98 and 0.05 to 0.59 degrees Celsius, 
respectively. The most important input variables for most of the models typically included 
riparian shading, site elevation, and percent forested area of the basin. 
 
 
 
 

VALIDATION 
 
Prior to model development, 6 stream sites were randomly removed from the original data set of 
148 sites and not used in the neural network model training process. Stream habitat and basin 
characteristics data from these sites were entered into the ANN models to simulate the mean 
water temperatures for the simulation period from June 22, 1999 to September 20, 1999. The 
root mean square error between observed and simulated hourly temperatures for these sites are 
shown in table 2. Observed and simulated hourly temperature times series for Beaver Creek near 
Drew, Oregon, is shown in figure 3. 
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Table 1. Statistical results for the training and testing simulations for each model. 
[RSQ, r-squared (correlation coefficient); RMSE, root mean squared error in degrees Celsius; N, 
number of data points; ---, number of data points were too limited for testing.] 
 
____________________________________________________________________________________________ 
 Training Testing 
Model ______________________________________________________________ 
 RSQ RMSE      N RSQ RMSE   N 
____________________________________________________________________________________________ 
 
Group Assignment--Group 1 0.98 0.049     142   ---    ---    --- 
Group Assignment--Group 2 0.93 0.133     142   ---    ---    --- 
Group Assignment--Group 3 0.95 0.115     142   ---    ---    --- 
 
Static 0.96 0.587     142   ---    ---    --- 
 
Chaotic Group 1 0.94 0.407   5,383 0.93 0.442 21,946 
Periodic Group 1 0.92 0.398   4,190 0.87 0.518 17,148 
 
Chaotic Group 2 North 0.98 0.214   9,889 0.98 0.235 39,860 
Periodic Group 2 North 0.88 0.259   8,436 0.86 0.290 33,466 
 
Chaotic Group 2 South 0.98 0.236   8,254 0.98 0.260 33,267 
Periodic Group 2 South 0.94 0.226   6,610 0.88 0.327 26,635 
 
Chaotic Group 3 North 0.96 0.302 10,194 0.96 0.318 41,285 
Periodic Group 3 North 0.89 0.342   8,156 0.85 0.392 32,323 
 
Chaotic Group 3 South 0.98 0.224   9,382 0.97 0.247 38,459 
Periodic Group 3 South 0.93 0.270   7,225 0.90 0.320 28,629 
 

 
 
With the exception of Mack and Fisher Creeks, simulation errors for the other validation sites 
were reasonable although greater than the training/testing errors. Temperatures for Mack Creek 
were in error of approximately 3 degrees. The static model, which uses only site data (field 
measurements and GIS basin characteristics) as input, was able to simulate the mean temperature 
of the simulation period (MEANT) to within almost 0.3 degrees of observed mean temperature 
for Mack Creek. Although the periodic component (NHOURLY) for Mack Creek appeared 
accurate, the chaotic model component (NAVG24H) undersimulated. The chaotic component is 
dependent on various climatic time series inputs. These climate stations may not have adequately 
represented the climate near Mack Creek, because of their distance from the site. 
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Table 2.--Root mean squared error between observed and simulated hourly temperature for the 
validation stream sites in degrees Celsius. 
______________________________________________________________________________ 

Stream sites
 _____________________________________________________________________________ 
 Maroney  Palmer Mack Boardtree Fisher Beaver 
 Creek Creek Creek Creek Creek Creek 
______________________________________________________________________________ 
 
Root mean squared  0.839  1.05 3.04 1.63 2.32 0.635 
error of hourly 
values_________________________________________________________________ 
 
Root mean squared  0.705 0.949 2.77 0.971 2.41 0.492 
error of 24-hour 
moving average hourly 
values__________________________________________________________________________ 
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Figure 3. Observed and simulated hourly water temperatures for Beaver Creek near Drew, 
Oregon. 
The models oversimulated temperatures for Fisher Creek by an error of more than 2 degrees. The 
NHOURLY and NAVG24H simulated components were accurately simulated. However, the 
simulated mean temperature (MEANT) component was greater than the observed mean 
temperature. The Fisher Creek basin may have been an aberration compared to other basins in 
the region. The elevation of the Fisher Creek site was higher than the mean elevation of the sites 
used to develop the neural network models, and there may not have been a sufficient 
representation of high-elevation sites in the models. The influence of the heavy spring snowpack 
in 1999 could have been more persistent in the Fisher Creek basin and made water temperatures 
cooler than expected. Also, the effect of ground-water inflows from possible springs just 
upstream of this site might have played a dominant role. The site specific data collected at this 
site, and used for the model input variables, may not have adequately represented ground-water 
influences. 
 
Although the models performed less adequately for two sites, the model error in this study was 
similar in magnitude to other water temperature statistical modeling studies in Georgia and 
Washington (Dyar and Alhadeff, 1997; Collings, 1973) and adequate for TMDL planning and 
development purposes. 
 

SHADE ADJUSTMENT 
 
A major objective of the study was to develop a model that could be used to simulate water 
temperatures representing “natural” or undisturbed conditions at stream sites in western Oregon 
that are in a current disturbed state. Water-quality professionals in regulatory agencies need this 
information to be able to (1) set reach-specific temperature standards that can be scientifically 
defended, (2) identify and prioritize stream reaches that are grossly out of compliance and in 
most need of remediation, and (3) establish attainable temperature-reduction goals for reaches 
that have naturally elevated water temperatures. 
 
A model user must still measure and collect existing riparian field data at a site of interest. 
However, in addition to simulating water temperatures for existing conditions, it is possible to 
simulate water temperatures for minimum and maximum shade scenarios by adjusting the 
measured values used for the shade and vegetation variables. These variables include stream 
bank and mid-channel densiometer shade measurements in addition to estimated percent of the 
basin that is forested or open. Figure 4 shows the 24-hour moving average temperature simulated 
time series for the minimum and maximum shade in addition to simulated existing conditions for 
Beaver Creek near Drew, Oregon. 
 
 

CONCLUSIONS 
 
A reliable method of estimating water temperatures that reflect “natural” or undisturbed condi-
tions is presented. Artificial neural network models were developed to estimate “natural” water 
temperatures in small streams using data collected at 148 sites throughout western Oregon from 
June to October 1999. The sites were located on 1st, 2nd, or 3rd order streams having 
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undisturbed or minimally disturbed conditions. Data collected at each site included hourly water 
temperature and riparian habitat. Additional data pertaining to the landscape characteristics of 
the basins upstream of the sites were assembled using geographic information system (GIS) 
techniques. Hourly meteorological time series data collected at 25 locations within the study 
region were also assembled. 
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Figure 4. Simulated 24-hour moving average hourly water temperatures for varying shade 
conditions for Beaver Creek near Drew, Oregon. 
 
 
Cluster analyses were used to partition 142 sites into 3 groups. Separate models were developed 
for each group. The riparian habitat, basin characteristic, and meteorological time series data 
were independent variables, and water temperature time series were dependent variables to the 
models, respectively. Approximately one-third of the data vectors were used for model training 
and the remaining two-thirds were used for model testing. Critical input variables included 
riparian shading, site elevation, and percent forested area of the basin. Squared correlations and 
root mean square error for the training models ranged from 0.88 to 0.98 and 0.05 to 0.59 degrees 
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Celsius, respectively. Final output from the models included simulated hourly and 24-hour 
moving average temperature time series from June to September. 
 
The models also were tested using temperature time series, habitat, and basin landscape data 
from 6 sites located throughout the study area that were not from the 142 sites that were used to 
develop the models. The root mean square error between hourly observed and simulated values 
ranged from 0.839 to 3.04 degree Celsius for these sites. These sites were also used to simulate 
water temperatures for minimum and maximum shade scenarios by adjusting the measured 
values used for the shade and vegetation variables. The ability to estimate water temperature 
under a maximum shade and vegetation scenario will be useful for future TMDL activities. 
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DEVELOPMENT OF A NEURAL NETWORK MODEL FOR DISSOLVED OXYGEN IN 
THE TUALATIN RIVER, OREGON 

By Stewart A. Rounds, Hydrologist, U.S. Geological Survey, Portland, Oregon, USA 

Abstract 
Dissolved oxygen concentrations in the lower reaches of the Tualatin River in northwest Oregon 
are the result of many processes.  Temperature imposes a seasonal signal through the solubility 
of oxygen in water.  Streamflow determines the travel time through the system and affects the 
amount of oxygen consumed via processes such as ammonia nitrification and the decomposition 
of organic material in the sediment and water column.  Streamflow also affects the rate of 
oxygen exchange across the air/water interface.  The available solar energy limits the 
photosynthetic production of oxygen by phytoplankton. 

Many of the processes that affect dissolved oxygen concentrations in the Tualatin River – 
solubility, sediment oxygen demand, photosynthesis, respiration, biochemical oxygen demand, 
and reaeration – are controlled to some extent by physical and meteorological factors such as 
streamflow, air temperature, and solar radiation.  To test the extent of that control, an artificial 
neural network model was constructed to predict dissolved oxygen concentrations in the Tualatin 
River at the Oswego Dam using only air temperature, solar radiation, rainfall, and streamflow as 
inputs.  The Oswego Dam is a low-head structure located on a bedrock sill 5.5 kilometers 
upstream from the river's mouth.  Hourly dissolved oxygen concentrations have been collected 
there since 1991; the available dataset spans more than 10 years. 

Feedforward neural network modeling techniques, the most widely used type, were applied to 
this dataset.  Data were segregated into calibration, verification, and test subsets.  Two neural 
network models were constructed in series: the first model simulated daily mean dissolved 
oxygen concentrations, while the second superimposed any daily periodic signals.  The final 
calibrated neural network models predicted the dissolved oxygen concentration with acceptable 
accuracy, producing high correlations between measured and predicted values (correlation 
coefficient of 0.83, mean absolute error less than 0.9 milligrams per liter).  By some measures, 
neural network model performance was better than that of a calibrated, mechanistic model of 
dissolved oxygen in the Tualatin River.  As expected, however, dissolved oxygen concentrations 
affected by factors other than the physical and meteorological factors used as model inputs, such 
as large point-source ammonia releases, were not predicted well by the neural network model.  
Nevertheless, the neural network model demonstrated potential for use as a river management 
and forecasting tool to predict the effects of flow augmentation and near-term weather conditions 
on Tualatin River dissolved oxygen concentrations. 

INTRODUCTION 

The Tualatin River drains a 1,840 km2 (square kilometer) catchment on the west side of the 
Portland metropolitan area in northwest Oregon (fig. 1).  Approximately 450,000 people live in 
the basin, mainly within a well-defined urban area.  The population relies on the Tualatin River 
as a source of domestic, industrial, and irrigation water; habitat for fish and other wildlife; and a 
place to recreate.  The river also receives highly treated municipal and industrial wastewater 
from the urban population. 
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The Tualatin River begins in the forested Coast Range mountains on the west side of the basin, 
where it flows for 24 kilometers (km) on a sometimes-steep bedrock substrate before reaching 
the valley bottom.  Once on the valley bottom, the river meanders through sedimentary deposits 
in a predominantly agricultural region.  In this 54-km meander reach, the river widens to 
approximately 15 meters with a mean depth of about 3 meters, but remains relatively shaded.  
The river next enters a 43-km backwater reach, where the water is slowed by the presence of a 
bedrock sill at river kilometer (RK) 15 and by a low-head dam at RK 5.5.  The river further 
widens and deepens in the backwater reach, becoming wider than 50 meters with typical depths 
of 4.5 meters.  The river’s width in this reach prevents efficient shading; as a result, solar energy 
inputs often are sufficient to promote large algal populations during the summer.  Downstream of 
the small dam at RK 5.5, the river again follows a bedrock channel with many riffles and 
intervening pools before joining the Willamette River at West Linn, Oregon. 

Streamflow in the Tualatin River reflects the seasonal patterns in precipitation typical of the 
Pacific maritime climate in western Oregon.  The highest flows occur in the winter rainy season 
between November and April, while the lowest flows normally occur in the late part of the dry 
summer period.  The Tualatin is not a large river, with typical wintertime flows of 30-90 cubic 
meters per second (m3/s) and summertime flows of only 4-6 m3/s.  Low flow can cause residence 
times in the river’s backwater reach to be as long as 14-17 days. 

Water-Quality Problems 
Historically, the backwater reach of the Tualatin River exhibited many water-quality problems 
during the low-flow summer period.  Low streamflow, coupled with plentiful nutrients (nitrogen 
and phosphorus), warm water, and ample light energy, provided sufficient time for large 
populations of phytoplankton to flourish before being transported downstream and out of that 
reach of the river.  Algal blooms often degraded the aquatic health of the river by driving the pH 
above 8.5 and causing large variations in the dissolved oxygen (DO) concentration (3-5 mg/L 
[milligrams per liter]).  After a bloom, respiring algae and decomposing organic material from 
the bloom often decreased the DO concentration to less than minimum acceptable levels (6 
mg/L).  Instream nitrification of large loads of ammonia discharged from wastewater treatment 
plants (WWTPs) contributed to low DO concentrations.  Even after standard treatment controls 
were adopted at the WWTPs in the 1970s and 1980s, the river continued to have problems 
associated with high pH and low DO. 

In response to these water-quality problems and in accordance with the Federal Clean Water Act, 
Total Maximum Daily Loads were adopted in 1988 for the Tualatin River and its major 
tributaries.  The WWTPs were upgraded to state-of-the-art facilities in the early 1990s to remove 
phosphorus and ammonia.  The object of phosphorus removal was to limit the growth of 
phytoplankton in the river.  Ammonia discharges were decreased to reduce the instream 
consumption of DO by ammonia nitrification. 

In 1990, the U.S. Geological Survey (USGS) began a long-term water-quality assessment of the 
Tualatin River with goals of (a) identifying the sources of nitrogen and phosphorus to the river, 
(b) assessing the transport and fate of those nutrients in the river, (c) identifying and quantifying  
the processes affecting DO in the river, and (d) constructing and using a process-based model of 
nutrients, phytoplankton, and DO in the Tualatin River.  Results of the study have been 
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published in a series of reports (for example: Kelly, 1997; Rounds and Doyle, 1997; Kelly and 
others, 1999; Rounds and others, 1999; Rounds and Wood, 2001). 

Factors Affecting Dissolved Oxygen in the Backwater Reach 
The USGS assessment revealed that the DO concentration in the Tualatin River, in the absence 
of large loads of ammonia from the WWTPs, is largely determined by several simple physical 
and meteorological factors:  streamflow, air temperature, and solar radiation.  DO is affected by 
many biological processes such as respiration, photosynthesis, and decomposition.  Although 
biological processes directly influence DO, physical and meteorological factors control and limit 
the effects of those biological processes (Rounds and Wood, 2001). 

Seasonal trends in DO are constrained by its solubility in water, which is a strong function of 
temperature.  Consumption of DO by decomposition processes occurring in the water column 
and the sediments also is a function of water temperature and streamflow.  Rates of the 
biologically mediated decomposition 
reactions are influenced by water 
temperature, and the DO consumed by 
those reactions is limited by the time that 
a given water parcel resides in a 
particular reach of the Tualatin River.  
Algal respiration and photosynthesis 
only affect the river’s DO when large 
populations of phytoplankton are 
present, and such populations are 
possible only when sufficient light 
energy is available and when streamflow 
is low enough (< 8.5 m3/s) to allow 
sufficient time for the phytoplankton to 
grow before being transported out of the 
backwater reach (fig. 2).  Low 
concentrations of phosphorus can limit 
algal growth, but only during large algal 
blooms and near the surface of the river, 
where sunlight for photosynthesis is in 
ample supply. 

Using these findings, the USGS process-
oriented model of DO in the Tualatin 
River was successful in simulating 
patterns in measured DO concentrations 
that result from seasonal temperature 
variations, periodic blooms of 
phytoplankton, and point-source 
discharges of oxygen-consuming 
substances such as ammonia.  The model 
simulated the river’s DO concentrations 
with good accuracy, producing a mean 
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Figure 2.  Favorable streamflow and light conditions are
necessary before sizable algal blooms can occur in the
Tualatin River.  Shaded periods are unfavorable for algal
growth due to high flow (red) or low light (blue)
conditions.  Data from 1993 (Doyle and Caldwell, 1996).

 4



absolute error of 0.9, 1.0, and 1.6 mg/L at three important locations in the river’s backwater 
reach over a 42-month period spanning seven hydrologically distinct summers between 1991 and 
1997 (Rounds and Wood, 2001).  Process-oriented models, however, typically require copious 
data on meteorological conditions and the quantity, temperature, and chemical characteristics of 
all inflows, outflows, and instream sites.  Many of these data, particularly the chemical data, are 
not available in real time.  Therefore, process-oriented water-quality models cannot be run in real 
time to provide feedback to river managers who may need model results to set an appropriate 
level of flow augmentation. 

Objectives and Approach 
If the DO concentration in the Tualatin River could be predicted only from data that are collected 
in real time, then river managers would be better able to manage the river’s water quality.  The 
river’s DO is influenced greatly by physical and meteorological factors, but whether the DO 
concentration can be predicted from such factors with any accuracy was unknown. 

The purpose of this study was to determine the extent to which the DO concentration in the 
Tualatin River at the Oswego Dam (fig. 1) can be predicted solely from physical and 
meteorological measurements such as streamflow, air temperature, solar radiation, and rainfall, 
using multiple linear regression and artificial neural network modeling techniques.  Other real-
time water-quality measurements (water temperature, specific conductance, etc.) are available 
and could be included in this analysis, but the primary goal was to find out whether the 
information present in the streamflow and meteorological measurements is sufficient to predict 
DO with an acceptable level of error.  The extent to which other measurements of water quality 
(water temperature and specific conductance) might improve the predictions also was tested.  
Future work may incorporate these techniques into a real-time water-quality forecasting tool. 

ARTIFICIAL NEURAL NETWORKS 

An artificial neural network (ANN) is a mathematical structure designed to mimic the 
information processing functions of a network of neurons in the brain (Hinton, 1992; Jensen, 
1994).  ANNs are highly parallel systems that process information through many interconnected 
units that respond to inputs through modifiable weights, thresholds, and mathematical transfer 
functions.  Each unit processes the pattern of activity it receives from other units, then broadcasts 
its response to still other units.  ANNs are particularly well suited for problems in which large 
datasets contain complicated nonlinear relations among many different inputs.  ANNs are able to 
find and identify complex patterns in datasets that may not be well described by a set of known 
processes or simple mathematical formulae. 

In this application, simply suspecting that streamflow, air temperature, solar radiation, and 
rainfall influence instream DO concentrations is sufficient to apply an ANN.  Unlike a process-
based model, it is not necessary to know exactly how those variables interact, the nature of the 
physical/chemical/biological processes that cause those patterns, or any mathematical 
representation of those processes before applying an ANN.  As a result, ANN models can be 
developed more quickly and with less expense than typical process-based models.  Because 
ANNs contain no internal “knowledge” of the processes behind the data patterns, however, they 
are less able to provide additional insight into those processes (Conrads and Roehl, 1999).  
Nevertheless, ANNs can be useful tools for finding and predicting patterns in water-quality data. 
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Hundreds of different types of ANNs exist.  
The most commonly used type of ANN is a 
type of feedforward network termed the 
multilayer perceptron, an example of which is 
illustrated in figure 3.  In this type of 
network, the artificial neurons, or processing 
units, are arranged in a layered configuration 
containing an input layer, usually one 
“hidden” layer, and an output layer.  Units in 
the input layer introduce normalized or 
filtered values of each input into the network 
(ANNs work best if the inputs are scaled to 
the same range of values).  Units in the 
hidden and output layers are connected to all 
of the units in the preceding layer.  Each 
connection carries a weighting factor.  The 
weighted sum of all inputs to a processing unit is calculated and compared to a threshold value.  
That activation signal then is passed through a mathematical transfer function to create an output 
signal that is sent to processing units in the next layer.  Training an ANN is a mathematical 
exercise that optimizes all of the ANN’s weights and threshold values, using some fraction of the 
available data.  Optimization routines can be used to determine the ideal number of units in the 
hidden layer and the nature of their transfer functions.  ANNs “learn” by example; as long as the 
input dataset contains a wide range of the types of patterns that the ANN will be asked to predict, 
the model is likely to find those patterns and successfully use them in its predictions. 

Input #1

Input #2

Input #3

Input #4

Output

Hidden Layer Output
Layer

Input
Layer

Figure 3.  A representation of a simple 3-layer
feedforward artificial neural network with four
inputs, 5 hidden nodes, and one output. 

In this study, Statistica Neural Networks software (StatSoft, 2000) was used to create and train 
the ANN models.  Simple 3-layer feedforward networks were used, where the number of units in 
the hidden layer was optimized by the software and by manual testing.  Standard training 
methods (back-propagation and conjugate gradient descent) were used for initial network 
identification and selection of the best set of inputs.  Final ANN models were trained using 
Levenberg-Marquardt optimization, which is the fastest and most reliable ANN training method 
for relatively small networks with a single output (DO). 

DATA PREPARATION AND DECORRELATION 

This investigation focuses on predicting DO concentrations in the Tualatin River at the Oswego 
Dam (USGS station 14207200) for the May-October periods of 1991 through 2000.  May 
through October is the general time frame for the low-flow summer period when most DO 
problems are likely to occur.  Hourly DO data are available for the Oswego Dam station during 
that time period.  To capture the effects of physical and meteorological forcings on the river’s 
DO concentration, measured values of streamflow, solar radiation, air temperature, and rainfall 
were available for the same time period (table 1). 

To maximize the number of useful records in the dataset, secondary sources of data were 
sometimes used to fill gaps in the data from the primary source.  For example, rainfall data from 
the Portland-Hillsboro Airport were used to fill gaps in the rainfall record from the Verboort 
Agrimet station.  Some gaps remained in the data, but most gaps were small, resulting in more 
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than 40,000 useful records for modeling.  The time period August 23 - September 3 of 1996 was 
excluded from the model dataset due to a rare release of a large quantity of ammonia from one of 
the WWTPs that affected the DO at the Oswego Dam; physical and meteorological factors are 
unrelated to that point-source problem and inclusion of that time period would only serve to 
distort other patterns in the data. 

Table 1.  Sources of data.  The first station listed is the primary source for each parameter. 
[USGS = U.S. Geological Survey; BOR = Bureau of Reclamation; NWS = National Weather Service] 

Parameter 
Data 

Frequency 
Data 

Source Station (ID Number) 
Map Number

(fig. 1) 
Dissolved Oxygen Hourly USGS Tualatin River at Oswego Dam (14207200) 5 
Streamflow Hourly USGS Tualatin River at West Linn, OR (14207500) 6 
Solar Radiation Hourly USGS Durham WWTP (452359122454500) 1 
Air Temperature Hourly USGS 

USGS 
BOR 

Tualatin River at Oswego Dam (14207200) 
Rock Creek WWTP (452938122565500) 
Agrimet meteorological station at Verboort, OR 

5 
2 
3 

Rainfall Daily BOR 
NWS 

Agrimet meteorological station at Verboort, OR 
Portland-Hillsboro Airport meteorological station 

3 
4 

Because ANN models have no underlying knowledge of the processes affecting the input and 
output variables, it is critical to examine the data for periodicity, cross-correlations, and 
important time lags.  Results from such analyses can be used to maximize the signals in the input 
data that will help to predict the output. 

Periodicity 
Each parameter’s data were analyzed by Fourier transform to determine the presence of periodic 
signals.  Solar radiation, air temperature, and DO all had strong periodic signals at daily time 
scales; periods of 24 and 12 hours characterized the most important signals.  Streamflow 
appeared to have useful signals at time scales longer than a day or two, but only weak patterns at 
shorter time scales.  Figure 4 illustrates typical power spectrums from these data.  Strong signals 
at daily time scales can obscure important correlations and time lags in the data; therefore, the 
short and long time scale signals in the data were separated.  A low-pass filter was used to 
remove the 24-hour and shorter periodic signals from each time series, preserving any periodic 
signals at time scales longer than one day; the resulting time series were equivalent to the 24-
hour running average of each input.  Long-term patterns and short-term periodicity in the data 
were simulated with separate models. 

Cross-Correlations and Time Lags 
Multiple linear regression and ANN techniques work best if the data inputs are as independent as 
possible.  To test for interdependence, the data were correlated against one another using linear 
regression techniques.  The analysis was extended to identify important time lags by analyzing 
the correlation coefficients with an imposed time lag.  Figure 5 illustrates how the low-pass 
filtered DO data correlate with other time-lagged and low-pass filtered input variables.  Each 
input variable appears to offer some information that might be helpful in predicting DO; solar 
radiation and air temperature appear to offer the best linear correlations. 

Figure 5 also illustrates several important time lags that are present in the data.  The signal in the 
solar data is maximized when the solar data are lagged in time by 1.75 days; in other words, DO 
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Figure 5.  Correlations and time-lags between
low-pass filtered (daily-mean) dissolved oxygen
and other low-pass filtered (daily-mean) inputs.
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Figure 4.  Typical power spectrums for the
dissolved oxygen, streamflow, air temperature,
solar radiation, and rainfall data. 

has its highest correlation with the solar 
insolation rate that occurred about 2 days 
previous.  That time lag has a physical basis 
because the available solar energy affects the 
amount of DO produced by photosynthesis, and 
the effects of very sunny or very cloudy days on 
algal growth are not immediate.  The best air 
temperature signal is lagged by 2/3 of a day, and 
the greatest correlation with rainfall is lagged by 
2.3 days. 

Many of the DO cross-correlations are 
minimized at a time lag on the order of 12 days, 
which makes sense because the typical summer 
residence time in the backwater reach of the 
Tualatin River is on the order of 10-14 days, 
depending on streamflow.  Autocorrelation of 
the DO data also shows a minimum at a time lag 
of about 12 days.  Streamflow data from several 
main-stem Tualatin River gages were analyzed; 
all were found to be highly cross-correlated (not 
shown).  Data from just one gage, therefore, 
were sufficient to capture the signal in the 
streamflow data. 
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LOW-FREQUENCY (DAILY MEAN) MODELS 

The cross-correlation and time-lag results indicate that the information in the input data is 
maximized by using the following manipulations of those data as model input, where “lp” 
denotes the low-pass filter, “lag” means time-lagged, and the symbols Q, S, AT, and R stand for 
streamflow, solar radiation, air temperature, and rainfall, respectively: 
 low-pass filtered data:  lp-Q, lp-S, lp-AT, R (raw rainfall data were daily) 
 low-pass filtered data from 12 days previous:  lp-Q-12, lp-S-12, lp-AT-12, R-12 
 time-lagged filtered data:  lp-AT-lag (2/3 day), lp-S-lag (1.75 days), R-lag (2.3 days) 
 miscellaneous:  year, day-of-year, fraction-of-day 

The data from 12 days previous provide long-term slope information.  To avoid correlations 
between unmodified and time-lagged data, the time-lagged inputs were calculated as differences 
between the original and lagged data.  Using differences is a good way to decorrelate inputs. 

Initial searches for the best ANN to predict the low-pass (daily mean) DO revealed that some 
inputs were more important than others.  Indeed, some inputs seemed to convey little useful, 
independent information.  To create the most efficient model, the model inputs were culled to 
leave only these eight:  lp-Q, lp-AT, lp-S, lp-Q-12, lp-AT-12, lp-S-lag, day-of-year, and year.  
Note that rainfall data were eliminated.  Any signal in the rainfall data apparently was redundant 
with information in the air temperature and solar data; the presence of many zero values on dry 
days also may have decreased the utility of the rainfall data. 

In all of the models tested, half the data were randomly selected for model training (calibration).  
Half the remaining data were used for verification, and the rest were used as an independent test 
dataset.  Statistica Neural Networks uses the training data for training the model – optimizing the 
model’s weights and threshold values.  During training, the verification data are used as feedback 
to ensure that the model does not become overtrained; overtraining is a condition in which the 
model finds patterns to decrease the error in the training dataset that are not reflected in the 
larger dataset.  Because the verification data are used to prevent overtraining and create a more 
robust model, they are not a true, independent test of the model.  For that reason, it is useful to 
reserve a third portion of the dataset for an independent test of the trained model.  In all cases, 
model performance was almost identical for each of the training, verification, and test datasets. 

Multiple Linear Regression 
Multiple linear regression may be viewed as a special case ANN model that uses linear transfer 
functions and no hidden layers.  If the linear model performs as well as a more complex ANN, 
then using the nonlinear ANN may not be justified; thus, linear models are useful as a basis for 
comparison.  Multiple linear regression analysis of the low-frequency data (8 inputs as listed 
above) revealed that the patterns in the data must be highly nonlinear, as the linear model failed 
to capture the important patterns in the measured DO data (table 2). 

Artificial Neural Network 
Optimization revealed that the best ANN for these eight inputs included one hidden layer with 
seven processing units.  Logistic transfer functions (1/(1+e-x)) were used for all hidden-layer 
units.  Other popular transfer functions, including the hyperbolic tangent function, were tried but 
none produced better results.  ANN predictions were markedly better than the linear model and 
in many cases better than the results from the USGS process-based model, with a mean absolute 
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error of only 0.83 mg/L and a correlation coefficient of 0.837 (fig. 6, table 2).  The ANN model 
captured most of the important patterns in the data, producing remarkable fits to the measured 
DO considering that the predictions were based only on streamflow, air temperature, solar 

radiation, year, and day-of-year.  Sensitivity analyses showed that the most important predictor 
variables were lp-Q, day-of-year, lp-S, and lp-S-lag, respectively. 
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Figure 6.  Measured and simulated daily-mean (low-pass) dissolved oxygen concentrations for the
Tualatin River at Oswego Dam (station 14207200).  Simulated values were calculated by the low-
frequency ANN model (8 inputs, 1 hidden layer with 7 processing units, 1 output). 

ANN models built with additional inputs of water temperature and specific conductance from the 
Tualatin River at Oswego Dam produced slightly better results (mean absolute error of 0.75 
mg/L), but additional models to predict those inputs would be required if this more complex 
ANN were used for DO forecasting.  For the purpose of forecasting, future values of inputs must 
be known or estimated in a reliable manner.  That exercise is left as a subject for future study. 
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FINAL HOURLY MODEL 

High-frequency signals in the data were separated from low-frequency signals by subtracting the 
low-pass filtered data from the original data.  The “high-pass” (hp) solar signal, for example, was 
determined as: hp-S = S – lp-S.  High-pass data have the long-term trends removed and reflect 
only daily and shorter variations.  These high-pass data, as well as the output of the low-
frequency ANN model (call that “lp-DOANN”), were used as inputs to a new ANN to predict the 
measured hourly DO.  The high-pass air temperature and solar inputs were included at several 
time lags to capture the 12-hour and 24-hour signals in their data; the power spectra in figure 4 
show that the streamflow and rainfall data have no useful information at these short time scales. 

Testing of various ANNs with time-lagged, high-pass air temperature and solar inputs revealed 
that the information in those inputs was captured adequately with time lags of 2, 23, and 56 
hours for air temperature and 4, 25, and 58 hours for solar radiation.  Further testing showed that 
the best model needed only nine inputs:  lp-DOANN, hp-AT-lag (3 lags), hp-S-lag (3 lags), day-
of-year, and year.  Final training and optimization yielded an ANN with one hidden layer 
containing 10 processing units.  As with the low-frequency ANN, logistic transfer functions were 
used for the hidden-layer units.  The final hourly ANN model captured the long-term and daily 
patterns in the measured DO data, fitting the data with a mean absolute error of 0.86 mg/L and a 
correlation coefficient of 0.831 (table 2).  Figure 7 illustrates the daily variations that the model 
produced in the final DO predictions for a subset of the data.  These final predictions appear to 
be accurate enough to be useful.  Future work will focus on incorporating these and other ANN 
models into real-time water-quality forecasting tools. 

Table 2.  Goodness-of-fit statistics for the models predicting Tualatin River DO at Oswego Dam. 

Model Type 
Time 
Scale 

Number 
of Points 

Mean Absolute 
Error 

Root Mean 
Square Error 

Correlation 
Coefficient 

Multiple Linear Regression low-frequency 40,388 1.29 mg/L 1.69 mg/L 0.589 
low-frequency 40,388 0.83 mg/L 1.14 mg/L 0.837 ANN final hourly 40,372 0.86 mg/L 1.21 mg/L 0.831 
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Figure 7.  Measured and simulated hourly dissolved oxygen concentrations for the summer of 1995 in
the Tualatin River at Oswego Dam (station 14207200).  Simulated values were calculated by the final
hourly ANN model (9 inputs, 1 hidden layer with 10 processing units, 1 output). 

CONCLUSIONS 

Artificial neural network models were developed to simulate daily mean and hourly DO 
concentrations in the Tualatin River at the Oswego Dam.  The DO at that site is affected by its 
solubility as well as biological processes such as algal photosynthesis and respiration, sediment 
oxygen demand, biochemical oxygen demand, and ammonia nitrification.  The effects of these
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biological processes were hypothesized to be constrained by a small set of physical and 
meteorological factors:  streamflow, air temperature, solar radiation, and rainfall.  Neural 
network and regression models were built to test this hypothesis, using data from May-October 
of 1991-2000. 

Multiple linear regression models failed to capture the long-term patterns in the DO data, 
producing poorly correlated results.  Neural network models, however, were successful in 
predicting patterns in the DO data on daily, weekly, and seasonal time scales.  ANN model 
performance was good, with mean absolute errors less than 0.9 mg/L.  The ANN predictions 
often were better than those from a USGS process-based model of the Tualatin River.  As 
applied to the Tualatin River, however, ANN and process-based models have different purposes.  
The process-based model is most useful for providing insight into how the river works, 
identifying important processes, and testing the effects of point-sources and management 
strategies.  The ANN model has tremendous potential as a forecasting tool, but yields less insight 
into the specifics of riverine processes. 

Now that it has been demonstrated that DO in the Tualatin River can be predicted with 
acceptable accuracy from a small set of physical and meteorological measurements, future work 
will concentrate on the development of a real-time DO forecasting tool using these ANN 
techniques.  Refinements may include the prediction of water temperature as a first step, so that 
DO solubility estimates may be included as model input. 
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Abstract: CE-QUAL-W2 Version 3, a 2-D (longitudinal-vertical) hydrodynamic and water 
quality model for river basins combining both river and stratified river-estuary and lake-reservoir 
flow, is a development product of the Waterways Experiment Station in Vicksburg, MS, USA. 
With the development and release of any revised or reformulated model codes, significant model 
validation is required. This includes comparison of model results to simple analytical solutions 
for hydrodynamics and water quality transport, as well as comparison to laboratory and field 
data. In this paper, the model is compared to numerous analytical solutions for mass transport (1-
D advective mass transport) and hydrodynamics (impulsive wind stress on water surface, 
seiching). Suggestions are presented for proper validation protocols for hydrodynamic and water 
quality models. 

INTRODUCTION 

CE-QUAL-W2 Version 3 (Cole and Wells, 2001) is a two-dimensional water quality and 
hydrodynamic model capable of modelling watersheds with interconnected rivers, reservoirs and 
estuaries.  A typical model domain is shown in Figure 1. The model is based on solving the two-
dimensional unsteady hydrodynamic and advective-diffusion equations as shown in Table 1. 
 
CE-QUAL-W2 Version 3 allows the model user to include riverine branches in conjunction with 
reservoir/lake and estuary branches. This code also allows the user to insert hydraulic elements 
between branches (pipes, weirs, weirs with flashboards, spillways, gates with dynamic gate 
openings), use up-to-date reaeration (including spillway effects) and evaporation theoretical 
models, view model results graphically as they are being computed, use a variety of turbulence 
closure schemes, insert internal weirs in the computational domain, use the updated numerical 
scheme ULTIMATE-QUICKEST for advective transport of mass/heat, add float-activated 
pumps, use a dynamic vegetative and topographic controlled shading algorithm, and include a 
user-defined number of algal, epiphyton/periphyton, CBOD, suspended solids, and generic 
model water quality constituents. 
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Table 1 CE-QUAL-W2 Governing equations. 
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where B is the width, U is the longitudinal velocity, W is the vertical velocity, q is the 
inflow per unit width, α is the channel angle, Φ is the concentration or temperature, η 
is the water surface elevation, P is the pressure, h is the depth, Tw is the water 
temperature, ΦTDS is the concentration of TDS, Φss is the concentration of suspended 
solids, ρ is the density 
 



All numerical modelling studies usually assume that the underlying model has been tested 
extensively to analytical solutions and other test cases to ensure that the model does not have any 
serious programming, theoretical, and/or numerical errors. This process is often termed 
“validation” or sometimes “verification” of a numerical model (Smith and Larock, 1999). In 
general, this process consists of comparison of simple theoretical analytical models to results 
predicted by the numerical model. This paper was meant to provide a basis for testing of the new 
model code CE-QUAL-W2 and to suggest approaches for proper validation of water quality and 
hydrodynamic models. 

MASS/HEAT TRANSPORT 

 
The simplest test of any code (but not necessarily the easiest) is to advect sharp concentration 
gradients. In CE-QUAL-W2 the model user can choose between 3 numerical formulations for 
testing the advective (both vertical and longitudinal) transport properties of the solution: 
UPWIND, QUICKEST (Leonard, 1979), and ULTIMATE-QUICKEST (Leonard, 1991) 
schemes. The UPWIND and QUICKEST schemes are used primarily for illustrative purposes 
since the ULTIMATE-QUICKEST scheme is an excellent technique for capturing sharp-front 
gradients and eliminating spurious oscillations at the leading and trailing edge of a gradient. 
Using a numerical upwind scheme introduces a tremendous amount of numerical diffusion (of 
order 0.5 xu Δ  where u is the velocity and Δx is the segment spacing), analogous to physical 
diffusion (Vreugdenhil, 1989). While the QUICKEST scheme eliminates the numerical diffusive 
errors, it can cause spurious wiggles at the leading edge and following edge of a sharp front 
gradient.  
 
Figure 2 shows a comparison of CE-QUAL-W2 predictions using these 3 different numerical 
schemes to the analytical solution for sharp front advection. This figure is for a worse case 
situation where the Courant number (UΔt/Δx) is much less than 1. As the Courant # ⇒ 1, 
numerical diffusion decreases, and the model should more closely represent the numerical 
solution. In most multi-dimensional dynamic models though, one has a large spectrum of 
Courant numbers throughout the model domain, and validation tests with very small Courant 
numbers show potential code numerical inaccuracies.  

  

WIND DRIVEN WATER CURRENTS 

 
 

Hansen (1975) developed a simple analytical model of the growth of the velocity in a water body 
subjected to a sudden wind shear. Assuming that there is a balance between acceleration and 
vertical shear stresses in the x-momentum equation and that the turbulent eddy viscosity is 
constant with respect to z, the governing x-momentum equation becomes  
 

 
 
 

3  



 

4 

 
 

0 4000 8000 12000 16000 20000
Distance from upper model boundary, m

-10

0

10

20

30

40

50

60

70

80

90

100

110

C
on

ce
nt

ra
tio

n,
 m

g/
l

ULTIMATE-QUICKEST
QUICKEST
UPWIND
Analytical solution

DLX=175 m, U=0.091 m/s, Courant # = 0.06
Square wave pulse moving downstream

 
 

Figure 2. Comparison of sharp front advection of concentration predictions using CE-QUAL-W2 to the 
analytical solution. 
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where tν  is the turbulent eddy viscosity and U is the longitudinal velocity as a function of z and 
t. 

By using an empirical relationship for the turbulent eddy viscosity, ∫=
h

t Udz
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1ν  where h is the 

depth, the solution for the velocity over time is then  
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where U* is the shear velocity = ρ
τ surface

. 
 
For a vertical grid spacing of 0.1 m, the comparison of the analytical model and W2 are shown in 
Figure 3. In comparing CE-QUAL-W2 to this analytical solution, several adjustments were 
necessary for the model to agree with the assumptions of the analytical solution: 
 

• Set the horizontal transport of momentum from horizontal advection to zero 
• Set the vertical transport of momentum to zero 
• Set the horizontal transport of momentum by longitudinal eddy diffusion to zero 

• Set the eddy viscosity  to 
tUt

2
*28

1
=ν

 over the entire water depth 
• Use an impulsive wind of 10 m/s measured at a 10 m height 
 

Also, in order to agree with the momentum equation used in the analytical solution, the 
horizontal pressure gradient would need to be set to zero. Since the simulation was run for only 
200 s, it was deemed that sufficient water surface pressure effects would still be negligible so 
there were no efforts to turn these off in the model. In W2 a decay function is used to transfer 
momentum from the wind to lower computational layers (see Cole and Wells, 2001). This also 
accounted for the wind-wave effect and was based on an empirical formula for the rate of decay 
of the wind energy with depth. This was originally proposed as a way to allow the results to be 
more grid-independent. If this were not implemented, a model with a fine grid near the surface 
would experience a greater shear and impulsive velocity than a model with a coarser grid 
spacing at the surface. To match the analytical solution, this was turned off in CE-QUAL-W2. 
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Figure 3. Comparison of CE-QUAL-W2 and analytical model solution for impulsive wind shear. 

SEICHES 

The shallow-water equations can be simplified to produce useful analytical solutions for 
comparison to numerical models. Using the following assumptions: frictionless bottom and 
sidewalls, hydrostatic and Boussinesq approximations, negligible non-linear terms in the 
momentum equation, and no turbulent or viscous fluid stresses, the simplified shallow water 
equations are 
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where η is the water surface elevation, U is the cross-sectionally averaged longitudinal velocity, 
h is the fluid depth, g is the acceleration due to gravity, x and t are independent variables of 
longitudinal distance and time, respectively, ρ is the fluid density and τsx is the surface shear 
stress in the x-direction. 

 
By cross-differentiating and equating the above 2 equations, we obtain the 1-D wave equation, 
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Assuming that there is no surface shear stress (τsx=0), the solution of the wave equation 
assuming an initially sinusoidal distribution in x and a sinusoidal distribution in time at the 2 

ends of the domain (i.e., ⎟
⎠
⎞

⎜
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L
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o
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ηη cos  at x=0 and x=L), Eliason and Bourgeois (1997) 

showed  analytical solutions to the shallow water equations for water surface and velocity 
respectively as 
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where L is the closed basin length, η is the water surface elevation, ηo is the amplitude of the 
surface elevation, co is the gravity wave speed or gH , U is the cross-sectionally averaged 
velocity, and H is the basin depth. This represents a seiche that continues ad infinitum since there 
is no frictional resistance. This condition would be similar to a wind that stops blowing after 
reaching a steady-state set-up, and the water surface begins to oscillate back and forth without 
any surface shear stress. In reality, the seiche is damped by friction. A comparison of CE-
QUAL-W2 to this solution is shown in Figure 4 for water surface and Figure 5 for flow rate 
(based on velocity) for the following conditions: L=30 km, Δx=500m, ηo= 0.145 m, and 
H=5.0m. In order to agree with the governing equations of the analytical model, CE-QUAL-W2 
was run with one-vertical layer (hence, no vertical flows), no friction (Chezy friction 
coefficient=0.0), no longitudinal dispersion of momentum, segment widths of 100 m, maximum 
time step of 2 s, and no non-linear advective terms in the momentum equation. 

 
The model predictions agree well with the analytical solution even though one sees that the 
amplitude and phase of the numerical model begin to deviate from the analytical solution over 
time. For any numerical scheme, there will be some deterioration of the signal over time in 
amplitude and phase. The important aspect or test here of a numerical code is that we are true to 
the original signal for several wave periods. Even though the CE-QUAL-W2 model could have 
been run at a larger time step and still have been stable, the accuracy of the solution would have 
been degraded as shown in the next example.  
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Figure 4 Comparison of CE-QUAL-W2 with analytical solution for a dynamic seiche in a narrow rectangular 
basin.    

Another comparison to an analytical model is that provided by solving the 1-D wave equation 
above, subject to the following conditions: 
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   xallfor         0at           0 == tand η  where u* is the surface shear velocity, b is the half basin 

length, and x=0 is defined at the center of the basin. 
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Figure 5. Flow rate predicted by numerical solution compared to CE-QUAL-W2 model predictions for a 
dynamic seiche in a narrow rectangular basin. 

 
The analytical solution for the water surface was then 
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The analytical model was compared to a CE-QUAL-W2 simulation for a basin of length of 30 
km, segment widths of 100 m, segment lengths of 1000 m, 1 vertical layer, an initially flat water 
surface, and an impulsive wind velocity at 10 m height of 20 m/s. The comparison of the 
numerical and analytical solutions is shown in Figure 5 for a model time step of 100 s and 5 s.   
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An issue with numerical codes that solve the water surface equation by implicit techniques 
(which was done to eliminate the gravity wave speed stability criterion) is that the time step for 
numerical stability does not guarantee numerical accuracy. The model at higher time steps leads 
to very “diffusive” water level predictions and does not maintain the infinite seiche in the 
frictionless environment like the model with the lower time step. In Figure 5, a comparison is 
made using CE-QUAL-W2 at a numerically stable time step of 100 s compared to a reduced time 
step of 5 s (see also the model comparison to the analytical model in Figure 4 where the time 
step limit was 2 s). In this case though, the implicit numerical scheme of CE-QUAL-W2 leads to 
a numerically diffusive approximation to the water surface. This implies that modellers should 
always check the model results by doing sensitivity analyses with the model time step. If the 
model results are not sensitive to the time step, then the modeller can be confident that his 
hydrodynamic calibration (usually performed by adjustment of bottom friction) is not a function 
of the model numerical accuracy. In all practical applications of CE-QUAL-W2, sensitivity 
analyses evaluating the time step have never been shown to affect the solution even under 
estuary conditions like that shown for the Columbia-Willamette River system (Berger, Annear, 
and Wells, 2001). 

 
 

SUMMARY 

The model CE-QUAL-W2 was compared to analytical solutions for mass transport, wind driven 
currents, and dynamic seiching in order to validate that the model is reproducing known 
analytical solutions. All numerical solutions are approximations to the exact governing 
equations, and this step of validation is essential in testing new computer codes. Other 
comparisons not shown in this paper are also important – laboratory scale and field scale 
comparisons. These also provide a framework for evaluating mathematical models of water 
quality and transport. Some laboratory-scale studies that are useful comparisons to numerical 
models include: 

 
• Baines and Knapp (1965) carried out experiments of wind driven currents in an 

experimental flume (length of 10 m, depth of 0.6 m, width 1 m)  
• Kirkgoz, M. S. (1989) determined detailed velocity measurements in a rectangular sub-

critical flow channel for both smooth and rough channels 
• Johnson (1981) conducted dye tracer tests in a sloping channel reservoir flume (24.38 m 

X 0.91 m X 0.91 m) and used these data to compare to numerical model predictions of 
density driven inflows   

 
An important assessment tool in the reliability of a model is its ability to reproduce field data 
with as little “calibration” or parameter estimation as is possible. These have been demonstrated 
for the CE-QUAL-W2 model as shown in Wells (2000) and Cole (2000) where field data from 
numerous reservoirs, estuaries and rivers were compared to model predictions of hydraulics and 
temperature under diverse conditions.  
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Figure 6. Effect of time step on CE-QUAL-W2's ability to maintain a seiche. Water level is at the uppermost 
end of basin. 
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LONG-TERM SALINITY PREDICTION WITH UNCERTAINTY ANALYSIS: APPPLI-
CATION FOR THE COLORADO RIVER NEAR GLENWOOD SPRINGS, COLORADO 

James Prairie, Civil Engineer, U.S. Bureau of Reclamation, Upper Colorado Regional 
Office, Salt Lake City, Utah; Balaji Rajagopalan, Associate Professor, Water Resource 

Division, Civil, Architectural, and Environmental Engineering Department, University of 
Colorado, Boulder, Colorado; Terry Fulp, Operations Research Analyst, U.S. Bureau of 

Reclamation, Lower Colorado Regional Office, Boulder City, NV 

Abstract: Salinity on the Colorado River has been predicted by the U.S. Bureau of Reclamation 
using stochastic flows generated by the Index Sequential Method applied to historic flows, 
together with and a natural salt model based on a weighted least square linear regression of the 
historic flow and salt data in the Colorado River Simulation System (CRSS). This approach 
limits flow predictions to historic flows. Recent attempts to re-calibrate the CRSS model using 
more recent data have found the model overpredicts historic salt mass over the period 1970-
1995. As a result, a study has been done with the goal of improving the modeling (data, model, 
methodologies, etc.) used for projecting future salt mitigation needs for the Colorado River 
basin. Under this study, new techniques to generate stochastic flow data and a new salt model 
have been developed that improve the ability to predict salinity in the future. A modified K-
nearest (KNN) neighbor stochastic natural flow model was developed to generate synthetic flows 
that maintain the statistical characteristics of the historic flows, but allow generation of possible 
future flows that are not reflected in the historic data. The new natural salt model utilizes a local 
linear nonparametric regression with KNN residual resampling. The improved salt model adds 
two new features: (1) it incorporates nonlinear features of the regression between flow and salt 
and (2) instead of simply generating salt mass directly from the regression, the improved salt 
model generates salt mass from the regression then perturbs the salt mass with a KNN technique 
that resamples a residual in the neighborhood of the salt mass from the regression. The residual 
resampling allows the model to incorporate the uncertainty of the regression when the Monte 
Carlo simulations are used to generate historic flow, salt mass, and concentration with CRSS.  

A case study incorporates the results generated from the new flow and salt models into a 
submodel of CRSS consisting of the Upper Colorado mainstem down to the USGS stream gauge 
09072500 (Colorado River near Glenwood Springs, CO). The submodel was used to compare 
multiple statistics including the probability density functions (PDF) of the synthetic natural flow 
and salt and the historic flow and salt. Additionally, we generated statistics describing the 
number of times the model exceeded a postulated salt mass and salt concentration standard. The 
submodel results for the time period 1941 to 1995 showed that the modified KNN flow and salt 
models were able to preserve the annual flow and salt mass PDFs and other statistical 
characteristics of the historical data for this period, and improved the accuracy of the salinity 
modeling. 

INTRODUCTION 

Salt concentration is important in the Colorado River Basin because it is a primary water quality 
parameter regulated by federal water quality standards. Federal water quality standards were set 
as a result of the Federal Water Pollution Control Act Amendments of 1972. The Amendments, 
interpreted by the Environmental Protection Agency, require numerical standards for salinity 



levels in the Colorado River basin. Modeling studies that predict long-term salinity levels under 
various operational scenarios and salinity control projects facilitate planning and operating the 
river to meet water quality standards. Operational and planning policies in the Colorado River 
basin are complicated because many laws, statutes, and court decrees govern the basin. To 
capture these complex policies in a modeling tool, the U.S. Bureau of Reclamation (USBR) 
developed the Colorado River Simulation System (CRSS) (USBR, 1987), a series of computer 
models for the entire basin. Developed in the early 1970’s, one of the purposes of CRSS is to 
conduct long-term operational and planning studies that allow managers to understand the effects 
of future development on salinity throughout the Colorado River Basin. The original CRSS was 
replaced in 1996 using the RiverWare modeling framework (Zagona et al., 2001). The newer 
model uses the same methodologies and has been shown to reproduce the results of the original 
model (Fulp et al., 1999). 

CRSS includes a simulation model of the entire Colorado River system. It also includes a 
stochastic natural flow model to generate future stochastic flows and a salt regression model that 
estimates natural salinity associated with natural flows. The stochastic natural flow model used 
for many years is the index sequential method (ISM). ISM is limited to generating flows and 
flow sequences that have occurred historically, which limits the ability of planning studies to 
consider flows that are statistically possible but have not occurred. The salt regression model 
consists of a series of 12 monthly regressions of natural salt mass as a function of natural flow 
that were developed by the USGS (Mueller and Osen, 1988). These two models provide the 
natural flow and natural salt input data for the CRSS simulation model.  

To ensure the CRSS simulation model is calibrated, it is periodically used to simulate a historic 
period and the results are compared to the observed historic record. Recently, the historic runs 
have indicated that the simulation system overpredicts salt throughout the basin. The existing 
CRSS over-predicts the historical salt mass at USGS stream gauge 09072500 (Colorado River 
near Glenwood Springs, CO), form 1970 to 1990, by an average 140,000 tons/year. The over 
prediction could result from; 

 •  salinity pickup from agriculture being too high, 
 •  natural salt loading being too high. 

From 1970 to 1990, the historic salt mass in the river passing gauge 09072500 averaged 570,300 
tons/year. The regressions developed by the USGS estimates average annual natural salt of 
583,000 tons/year. For CRSS to simulate the historic salt mass, the human-induced salinity 
pickup sources would need to remove salt from the river. Current estimates, as reflected in 
CRSS, are that human-induced sources contribute 137,000 tons/year from agriculture salinity 
pickup and exports remove an average 44,000 tons/year. The estimate for salinity pickup by 
agriculture is developed from an extensive study that quantified estimates of natural and human-
induced salt (Iorns et al., 1965). The report estimates that, in 1957, natural sources contributed 
516,200 tons/year, and human-induced sources contributed 138,881 tons/year from agriculture 
salinity pickup and removed 15,881 ton/year by exports above Glenwood Springs. These values 
were adjusted for current basin conditions then input in the CRSS simulation model.  

Using these numbers, if human-induced sources contributed no salt above gauge 09072500, the 
existing CRSS would still overpredict salt mass. The Iorns report indicates that the human- 



induced sources of salinity are not removing salt, but are adding significant amounts. These find-
ings point to an overestimation of natural salt by the USGS model. To correct or refine the 
USGS model would require a reanalysis of the detailed data on which the regressions were 
based. However, this data is not readily available. Therefore, we propose a new technique to 
relate natural flow to natural salt that is more accurate and for which the uncertainty can be 
quantified. 

To improve CRSS performance; newly developed models replaced both the stochastic natural 
flow model and the natural salt regression model. We bring these new models together in a 
simulation model to demonstrate that they more accurately reflect variability by improving flow 
variability prediction and quantification of risks, fully reflecting future salt variability by 
improving the relationship between natural flow and salt, and reproducing historical results. 
These developments result in an improved analysis of future salinity and quantified risks. 

We performed our study on the upper mainstem of the Colorado River, at USGS stream gauge 
09072500 Colorado River near Glenwood Springs, CO. We chose the upper Colorado River 
mainstem because this part of the basin contributed more than 51 percent of the total annual 
historic salt load seen in the outflow from Lake Powell from 1941 to 1990 (Prairie and Fulp, 
2000). Gauge 09072500 also exhibited an overprediction of historic salt mass in the calibration 
runs from 1970 to 1990 by 20 percent. One of our primary goals was to develop techniques to 
correct the overprediction. While investigating the cause and means to correct the 
overprediction, we ensured our solutions were portable and easily implemented at the 28 
remaining gauges throughout the basin.  

EXISTING CRSS  

CRSS is used to simulate future periods and model proposed development and changing opera-
tional and planning policy. It is also used to simulate flow and salt over a historic period to 
verify that the model is calibrated. The model uses different input data for different simulated 
time periods. 

Stochastic Planning Runs: Long-term operational and planning studies are conducted using 
CRSS. For these runs, the CRSS simulation model uses natural flows generated by the ISM. The 
ISM resamples the 90 years of historic calculated natural flows, generating 90 individual time 
series sequences of synthetic natural flows. The CRSS simulation model uses the 90 synthetic 
natural flow time series sequences, or traces, to produce 90 simulated results, which are then 
used to generate statistical probabilities of various events. 

The USBR has used the index sequential technique to generate synthetic hydrology for the CRSS 
since the inception of the CRSS in the 1970’s. Various studies have found that the ISM generates 
“statistically faithful” synthetic streamflow sequences (Kendall and Dracup, 1991; Ouarda et al., 
1997). The Colorado River System is well suited to using the index sequential modeling system 
because of the extensive historic time series in the basin (water year 1906 to 1995).  

The simulation model also requires the synthetic natural salt mass associated with each synthetic 
natural flow sequence. A series of 12 regressions, developed by the USGS, are used to compute 
the associated synthetic natural salt mass for a given synthetic natural flow. Thus, 90 individual 



synthetic natural salt traces are found using the regressions, one for each synthetic natural flow 
trace. 

Figure 1 depicts the CRSS simulation model’s water and salt balance with a line diagram of the 
basin above USGS stream gauge 09072500 when the simulation model simulates future flow and 
salt mass. The inputs are at the top of the diagram: synthetic natural flow, from the stochastic 
natural flow model and associated synthetic natural salt mass from the USGS salt model. The 
model routes these inputs through the river reach above USGS gauge 09072500, where the 
projected future monthly depletions from agriculture, exports, municipal and industrial uses are 
removed from the river reach. Projected salt mass is added with agricultural returns and removed 
with exports.  

simulated future flow simulated future salt mass 

salt removed 
with exports
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salt loading

USGS stream gauge 09072500

 

future municipal and industrial 

future exports 

irrigated 
lands
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Figure 1:  Line diagram of the CRSS simulation model and data for stochastic planning runs.  
 

The left side of the diagram shows how simulated future flow is related to synthetic natural flow. 
The right side shows how simulated future salt mass is related to synthetic natural salt mass. The 
simulation model performs Monte Carlo simulations by running each synthetic natural flow and 
associated salt time series. The existing CRSS has 90 synthetic natural flow and associated salt 



time series that are each run through the simulation model, one at a time, calculating 90 
simulated  future flow and associated salt time series. Together, the 90 simulations of simulated  
future flow, salt, and concentration can be used to approximate the PDF for the  predicted future 
flow, salt, and concentration. 

Historical Verification: To verify that the stochastic planning runs simulate the observed 
historic PDFs traces of simulated flows and associated salt mass, the CRSS simulation model 
was populated with historic monthly depletions, instead of projected future depletions. Then, 
PDFs of the observed historic flow and salt mass were compared to the simulated historic flow 
and salt mass from the CRSS simulation model. If the simulation statistics preserved the 
observed historic flow and salt mass statistics, the CRSS is deemed verified. 

We performed stochastic planning runs with both historic depletions to verify the simulation 
runs and projected future depletions, to compare the existing CRSS, explained previously, and 
the modified CRSS, explained next. 

MODIFIED CRSS 

To address the limitations of the existing CRSS modeling system, we developed a modified 
stochastic natural flow model and statistical nonparametric natural salt model. A description of 
these models follows. We used both models to generate data for the CRSS simulation model. We 
compared the results from the simulation model to results from simulations using the ISM 
natural flow and USGS natural salt regression model described previously. 

Modified Stochastic Natural Flow Model: A drawback of ISM is that it cannot generate 
synthetic sequences that did not occur in the past record. An alternate nonparametric method, K-
NN, eliminates this drawback. Traditional K-NN methods resample values from the historic time 
series, one at a time (Lall, 1995). Because samples are not taken as blocks, as in the ISM, this 
technique is able to produce time series sequences that did not occur in the historic data. 
However, values are limited to those in the data set. We further developed the traditional K-NN 
technique to provide the ability to create values not seen in the historic record. The modified K-
NN method developed a regression relationship between successive months’ flows and saved the 
residuals from the regression. The succeeding month’s flow was first calculated from the 
appropriate regression. Then, the k-nearest flows to the flow from the regression were found. A 
residual from the k-nearest flows was resampled and added to the flow from the regression to 
produce a new value. This scheme allowed the K-NN method to perturb the historic data within 
its representative neighborhood and allowed extrapolation beyond the sample, while maintaining 
the residuals of the data. Like the ISM, the modified K-NN has the advantage of nonparametric 
models; there is no need to transform the data to fit an assumed probability density function. It 
has the further advantage of being able to generate synthetic time series containing numbers and 
sequences that have not occurred in the past, but are “statistically faithful” to the original time 
series. 

Statistical Nonparametric Natural Salt Model: To replace the USGS model, a statistical 
nonparametric natural salt model is developed that computes a natural salt mass given a natural 
flow, either historic or generated by the K-NN flow model. The computation is achieved using a 
nonparametric local regression fit to a scatter plot of calculated natural flow versus calculated 



natural salt, both from 1941 to 1995. The calculated natural flow and salt are calculated from 
historic gauged data and salt load data from the CRSS simulation model as follows: 

calculated natural flow = observed historic flow 
+ agricultural consumptive use 
+ exports 
+ municipal and industrial uses 
± effects of reservoir regulation 

calculated natural salt = observed historic salt 
+  salt with water exported out of the basin 
-  salinity pickup from agriculture (values based on CRSS) 

The value found from the look up is perturbed with a local residual chosen by a K-NN technique 
that resamples a residual from the nonparametric regression. 

An analysis of the results shows that the annual natural salt PDF is preserved best by an annual 
regression model. Unfortunately, CRSS requires natural flow and salt data be entered at a 
monthly time step to accommodate the operational rule set in CRSS. Work to move the 
operational ruleset to an annual time step is being considered. When the work is complete, the 
natural salt mass PDF would be preserved better with an annual regression salt model, avoiding 
the summation of monthly salt mass values.  

Simulation Model: To test the modified stochastic nonparametric natural flow model, we used a 
segment of the CRSS simulation model that includes USGS gauge 09072500 (Colorado River 
Basin near Glenwood Springs, CO). The modified stochastic natural flow model and statistical 
nonparametric natural salt model generated inputs for the CRSS simulation model. The inputs 
included calculated or synthetic natural flow and associated natural salt mass. Additionally, 
human-induced depletions and salt loading were entered in the CRSS simulation model, as 
explained in Section “ EXISTING CRSS .”  Total depletions are a sum of depletions from 
agriculture, municipal and industrial sources, exports, and reservoir regulation. Human-induced 
salt results from agricultural salinity pickup and the salt removed with exports. We concluded 
that reservoir regulation has minimal effect on salt at an annual scale; therefore, reservoir 
regulation did not model salt. The time period simulated by the model dictated the depletion and 
salt loading data used in the run. For example, if the run simulated the historic time period from 
1941 to 1995, the model used the depletions and human-induced salt loadings from the 1941 to 
1995 historic record. If the model simulated the future time period of 2002 to 2062, it used 
projected depletions and salt loadings. 

CRSS performs multiple simulations by running each trace of synthetic natural flow and 
associated salt time series through the CRSS simulation model. Our modified CRSS used 100 
synthetic natural flow traces and associated salt mass traces that were each run through the 
simulation model, one at a time, calculating 100 simulated historic or future flows and associated 
simulated salt mass and concentration time series. These simulations could be used to 
approximate the PDF for the observed historic or predicted future flow, salt, and concentration. 



We first used the CRSS simulation model to validate the modified CRSS system by showing that 
it could preserve the observed PDF for historic flow, salt mass, and concentration from 1941 to 
1995. The inputs were 100 traces of synthetic natural flow and associated salt mass traces 
generated with the modified stochastic natural flow model, using the 1941 to 1995 calculated 
natural flow, and the statistical nonparametric natural salt model, using the synthetic natural flow 
traces generated from the modified stochastic natural flow model. The total depletions were 
based on 1941 to 1995 historic records. 

The results were compared to the observed historic PDF, as discussed previously. The results 
indicated the observed historic flow and salt mass PDFs were preserved best using an annual 
flow and salt regression relationship and incorporating a relationship for total depletion, which is 
dependent on natural flow when simulating historic flow. 

Stochastic Planning Run Simulations: Once the modified CRSS was validated the existing 
CRSS and the modified CRSS were used to simulate stochastic planning runs. The runs 
approximate the projected future flow, salt mass, and concentration from 2002 to 2061 using the 
most extensive data available. Using the entire calculated historic flow time series allowed the 
existing CRSS and the modified CRSS to be compared. 

Stochastic planning runs were developed from a monthly time step simulation model. A 
synthetic natural flow time series of 60 years length was generated based on 1906 to 1995 
calculated natural flow. The associated synthetic natural salt mass was computed using the 
statistical nonparametric natural salt model. The total depletions were projected future depletions 
from 2002 to 2061. Running the simulation for 60 years ensured the simulation was run until the 
future depletions reached full development. 

The upper graph in Figure 2 shows the PDF created from the median for boxplots of probability 
at a given projected future flow. Both systems generated projected future flow similarly. The 
lower graph shows the PDF created from the median for boxplots of probability at a given 
projected future salt mass. The modified CRSS produced lower salt mass than the existing 
CRSS.  

Figure 3 reiterates these results when the two modeling systems are compared with simulated 
policy analysis. To gain an understanding of how using the modified CRSS model could 
influence policy decisions, we tested policies using fictional salt mass and concentration 
standards. Salinity concentration standards are mandated at three locations in the lower basin of 
the Colorado River. Our segment of the CRSS simulation model did not include these locations, 
but developing fictional standards in the modeled segment facilitated comparing the performance 
of the existing and modified CRSS. These standards occur in the tails of the PDF, where extreme 
events, such as high salt mass or concentration, occur. The upper graph shows the fictional salt 
mass standard that determined the number of times 750,000 tons or more of salt occurred at the 
simulated gauge. The lower graph shows the number of times a salinity standard of 600 mg/L 
was violated. Again, the estimates of the existing CRSS exceeded the estimates of the modified 
CRSS. 



 

 

Figure 2:  The upper graph shows the PDF created from the median of boxplots of probability at 
a given projected future flow generated from the modified and existing CRSS. The lower 
graph shows the projected future salt mass from the modified and existing CRSS. The shift in 
the projected future salt mass PDF shows that the existing CRSS generated greater salt mass.  



 

 

Figure 3:  The upper graph shows the number of times the modified and existing CRSS results 
exceeded a tons standard of 750,000 tons, while the lower graph shows number of times a 
salt standard of 650mg/L was exceeded and, therefore, violated during water year 2002 to 
2062. For both graphs the existing CRSS results exceeded the modified CRSS results.  



DISCUSSION AND CONCLUSIONS 

We outlined and developed a modified CRSS modeling system to simulate long-term flow, salt 
mass, and concentration at a single gauge in the upper Colorado River mainstem. The modified 
modeling system consisted of two modified models. The first model was a nonparametric K- NN 
model with resampling that generated synthetic natural flow. The second model used the gen-
erated natural flow and looked up an associated natural salt mass from a nonparametric local 
linear regression with K-NN resampling. A simulation model used the generated synthetic 
natural flow and salt mass to perform Monte Carlo simulations, which model flow, salt mass, 
and concentration with uncertainty.  

We validated our modified modeling system by ensuring the modeling system reproduced all the 
distributional properties, i.e. the PDF of the observed historic record. Reproducing the PDF of 
the historic record ensured the mean, standard deviation, and skewness were all preserved. 
Validation was performed by using the model to generate synthetic streamflows for the period 
1941 to 1995.  

We used two time scales to develop a monthly and annual nonparametric local linear regression 
of natural salt mass as a function of natural flow with K-NN residual resampling model. At a 
monthly time scale, 12 regressions were developed - one for each month. To calculate the annual 
natural salt mass, the results from the 12 regressions were summed to an annual value. Using this 
method, we lost the ability to preserve the tails of the observed annual distribution. For policy 
analysis, with regard to long-term salinity mitigation, the annual time step is more important than 
the monthly time step. A monthly time step is only used to facilitate the use of the “rules” to 
simulate river basin policy. If the simulation model were run at an annual time step, an annual 
statistical nonparametric natural salt model would generate better results due to limitations of the 
monthly data. We found that using a single annual natural salt mass as a function of natural flow 
regression to generate annual natural salt mass best allowed the model to preserve the observed 
annual natural salt mass PDF.  

After completing our validation, we used the modeling system at the monthly time step, 
accommodating the simulation model’s requirement to model operational policy rules. Projected 
future flow, salt mass, and concentration were simulated from 2002 to 2061. We compared the 
modified and existing CRSS, using the entire natural flow dataset from 1906 to 1995. The 
comparison showed that the modified CRSS simulated lower future projected salt mass than the 
existing CRSS. The results were reiterated by the policy analysis demonstration. The existing 
CRSS generated more salt mass (88,000 tons lower) and concentration (57mg/L lower) 
violations than the modified CRSS. 

Another strength of the modified CRSS is that the nonparametric K-NN stochastic flow model 
can be easily used to generate high- or low- flow scenarios to test policies under adverse 
conditions. To add this ability to the K-NN framework, the flow database that is used for 
resampling could be broken in thirds. The first third would be high flows, the second normal 
flows, and the third low flows. To generate a low-flow scenario, the K-NN model would 
generate a future streamflow time series by resampling only from the low flows in the database, 
thereby generating a synthetic time series with a sustained drought. This could also be performed 
by resampling from only the high flows to generate the time series. 



Our modified modeling system generated historic flow and salt mass that matched the observed 
time period from which they were generated. We showed that our modified CRSS generated 
lower projected future salt mass and salt concentration than the existing CRSS. We developed 
the new modeling system from data used to run the simulation model. By using the data from the 
simulation model, we kept our methods to develop data to drive the simulation model consistent 
with the data used in the simulation model. Keeping the data consistent allowed the modified 
CRSS to reproduce historical results and to fully reflect variability by improving the relationship 
between natural flow and salt mass. 
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INTRODUCTION 
 
The Total Maximum Daily Load (TMDL) program currently requires the development of more 
than 40,000 TMDLs (NRC 2001). One important tool that is used to support the TMDL program 
is the Hydrologic Simulation Program-FORTRAN (HSPF) model, evidenced, for example, by its 
use as the non-point source model within the Better Assessment Science Integrating Point and 
Non-point Sources (BASINS) system developed by the U.S. Environmental Protection Agency’s 
(EPA) Office of Water and its implementation into the Watershed Modeling System (WMS) 
modeling interface (Deliman et al. 1999). WMS is a graphically based, comprehensive 
hydrologic modeling environment that has been developed jointly by the U.S. Army Corps of 
Engineers Engineer Research and Development Center in Vicksburg, MS (ERDC-Vicksburg) 
and Brigham Young University to address the needs of hydrologic and water quality computer 
simulations.  Specifically, it has been designed to take advantage of watershed data developed 
and/or stored in a Geographic Information Systems (GIS) format. WMS was developed so that 
modelers can use digital terrain models, land use data, soils coverages, and other spatial data to 
derive input for traditional models, such as HSPF, that continue to be the accepted standard for 
most regulatory agencies. WMS also provides interfaces to emerging spatially distributed models 
that are being developed at ERDC-Vicksburg (Downer et al. 2002).   
 
A recent editorial (Whittemore 2001) regarding model calibration and TMDL development 
stated that any two HSPF modeling experts could arrive at two different parameter sets at the 
conclusion of a model calibration exercise. The National Research Council (2001) recently 
recommended that “guidance/software needs to be developed to support uncertainty analysis” as 
part of the TMDL process. In response to the above comments/stated needs regarding model 
calibration and uncertainty estimation in the TMDL domain (Whittemore 2001, NRC 2001), the 
objective of this study is to examine the applicability of the Generalized Likely Uncertainty 
Estimation (GLUE) methodology (Beven and Binley 1992; Beven and Freer 2001) to an HSPF 
model of the Goodwin Creek watershed, with the intent of examining the utility of GLUE as a 
tool to support HSPF water quantity and quality calibration and uncertainty estimation. In 
particular, this study will focus on the application of GLUE to support calculations within the 
hydrologic water budget (PWATER) compartment within the PERLND module and the 
hydraulics (HYDR) compartment within the RCHRES module of the HSPF model. Application 
of the GLUE procedure (Beven and Binley 1992; Beven and Freer 2001) will not require any 
modification to the HSPF model source code. Evaluation of the GLUE methodology to the HSPF 
model required the availability of a high quality rainfall-runoff database. As a result, the 
Goodwin Creek watershed, an experimental watershed operated by the National Sedimentation 
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Laboratory of the United States Department of Agriculture Agricultural Research Service, was 
selected as the study site. 
 

GLUE 
 

Several studies have suggested or observed that it is unlikely there is a unique optimal parameter 
set for a specific model structure (Binley et al. 1991; Beven and Binley 1992; Beven 1995; 
Beven et al. 1995; Freer et al. 1996; Franks et al. 1998). Rather, there may be many parameter 
sets within a model structure that equally represent the rainfall-runoff process in terms of some 
subjectively chosen performance measure. Given the lack of a rigorous basis for differentiating 
between the numerous acceptable parameter sets, which may lie in different regions in the 
parameter space, Beven and Binley (1992) developed the Generalized Likely Uncertainty 
Estimation (GLUE) procedure as a method for model calibration and uncertainty estimation.  
 
The GLUE methodology of Beven and Binley (1992) does not acknowledge a unique optimal 
parameter set. Instead, Monte Carlo simulation (MCS), specified probability distributions for 
each parameter (typically, uniform distributions are utilized), a likelihood measure or set of 
likelihood measures, and an acceptance/rejection criteria are used to generate, evaluate, and 
accept or reject parameter sets as simulators of a basin’s response. Beven and Binley (1992) 
noted that the term likelihood is used in a general sense, and not in the restricted sense of 
maximum likelihood theory. The likelihood measure is associated with a particular set of 
parameter values within a given model structure. Parameter interaction and uncertainties in the 
input and boundary data are implicitly reflected in the likelihood measure. Beven and Binley 
(1992), Beven et al. (1995), Melching (1995), and Freer et al. (1996) outline the requirements for 
the GLUE procedure. Applications of the GLUE methodology of Beven and Binley (1992) to 
rainfall-runoff modeling include the work of Beven and Binley (1992), Beven et al. (1995), Freer 
et al. (1996), Franks et al. (1998), and Johnson and Skahill (2001), among others. Computational 
demands are high for the GLUE procedure. 
 
The results of the GLUE methodology of Beven and Binley (1992) are dependent upon the 
choice of the likelihood measure and the rejection criteria. The rejected models are assumed 
“nonbehavioral” and their likelihood measures are set to zero; thereby removing them from the 
subsequent analysis. The likelihood measures for the accepted parameter sets are utilized to 
estimate the uncertainty of the model’s predictions. Beven and Binley (1992) noted that the 
traditional calibration search for a unique optimal parameter set is an extreme case of the GLUE 
procedure in which the optimal model has a likelihood of one and all other likelihood measures 
are set to zero. Beven and Binley (1992) and Beven (2001) listed some example likelihood 
measures. Beven (1998) and Beven (2001) discuss four alternative methods for updating 
likelihood measures as additional data becomes available. The use of Bayes’ equation has 
received the most attention.  
 
Melching (1995) identified the main shortcoming of the GLUE procedure to be the criteria for 
acceptance and rejection of the models. If the acceptance criteria is set too high, then there will 
only be a small number of accepted parameter sets, and a narrow, unrealistic range for system 
responses. On the other hand, if the acceptance criteria is set too low, then almost all of the 
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parameter sets will be accepted, the predictive range will be wide, and the model will be 
considered to be of little value. 
 
The attraction of the GLUE procedure is its simplicity and ability to be applied to models of 
arbitrary complexity. Refsgaard et al. (1996) commented that the GLUE procedure is the most 
comprehensive approach for assessing the uncertainty of model predictions, and encouraged 
further development and application. 

 
HSPF 

 
The Hydrologic Simulation Program-FORTRAN (HSPF) model is a mathematical model 
developed under EPA sponsorship for use on digital computers to simulate water quantity and 
quality processes on a continuous basis in natural and man-made water systems. HSPF uses 
meteorological input data and parameters related to land use patterns, soil characteristics, and 
agricultural practices to simulate the water quantity and quality processes that occur within a 
watershed. The HSPF model is generally classified as a lumped parameter model; however, the 
spatial variability in a watershed can be simulated if the watershed is appropriately divided into 
land segments which are generally hydrologically homogeneous. HSPF was first released 
publicly in 1980, as Release No. 5 (Johanson et al. 1980). Currently, version 11 of HSPF is 
available as public domain software that can be downloaded from EPA and U.S. Geological 
Survey (USGS) web sites. Donigian et al. (1995) and USACE (United States Army Corps of 
Engineers) and USEPA (United States Environmental Protection Agency) (2000) provide 
graphical and tabular summaries that describe the historical progression of HSPF releases and 
related development activities. User support, code maintenance, and further refinement and 
enhancement of the HSPF model are ongoing. Since its original development, the HSPF model 
has been applied throughout North America and numerous countries and climatic regions around 
the world. 
 
The HSPF model consists of three application modules (PERLND, IMPLND, RCHRES) and 
five utility modules (COPY, PLTGEN, DISPLY, DURANL, GENER, MUTSIN). The 
PERLND/IMPLND application modules simulate runoff and water quality constituents from 
pervious/impervious land areas in the watershed. The RCHRES application module simulates the 
movement of runoff water and its associated water quality constituents in stream channels and 
mixed impoundments. The five utility modules are used to access, manipulate, and analyze time 
series information stored by the user in HSPF’s Watershed Data Management (WDM) files. A 
WDM file is a binary, direct-access file that is used to store data in a logical, well-defined 
structure.  
 
Data requirements for an HSPF model application can be grouped into three broad categories 
(Munson 1998):  
 
1. physical watershed-specific data, 
2. meteorologic data, and  
3. calibration data. 
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Physical watershed-specific data are necessary to adequately describe the watershed. Physical 
watershed-specific data include elevation, channel geometry, soils, vegetation, and land use and 
land cover (LULC), among others. These data can be obtained from Geographic Information 
System (GIS) databases, topographical maps, field observations, regulatory agencies, and 
historical records. A GIS allows for mapping and evaluation at multiple scales. Meteorologic 
time series data requirements for the HSPF model vary depending upon which processes are 
modeled; however, continuous meteorologic time series data records are always required (no 
missing data are allowed within a given simulation period). USACE and USEPA (2000) list the 
meteorologic time series data requirements for various individual compartments within the 
PERLND, IMPLND, and RCHRES application modules of HSPF. In general, HSPF requires six 
meteorologic time series to model streamflow. These include precipitation, potential 
evapotranspiration, air temperature, dewpoint temperature, wind speed, and solar radiation. 
However, if snow accumulation and melt are not simulated, the meteorologic time series data 
requirements include precipitation and potential evapotranspiration. Water quality simulations 
also require time series of cloud cover. Empirical data is required to calibrate and validate 
processes simulated by HSPF. These data are not input to HSPF, but are used to evaluate model 
performance. 
 
GLUE and HSPF: For several reasons, GLUE is inherently attractive to apply to HSPF to 
support calibration and uncertainty estimation.  
 
1. HSPF hydrologic model calibration alone is a manual, iterative, time-consuming process, 

even when using the expert system calibration tool for HSPF, HSPEXP (Lumb et al. 
1994). 

2. The expert system calibration tool for HSPF, HSPEXP, is only designed to support 
iterative manual HSPF calibration for the hydrologic simulations and does not deal with 
water quality processes.. 

3. HSPF is not a computationally demanding model. 
4. It is straightforward to  

a. write software to generate multiple Users Control Input (UCI) files, the main 
HSPF model input file, using MCS and specified parameter ranges,  

b. prepare the WDM file(s) to receive the output from the HSPF models or directly 
generate ASCII file output form the HSPF models, 

c. run the HSPF models in batch mode on a personal computer, and 
d. write software to process and evaluate the output data from the HSPF models. 

5. Available procedures for updating the GLUE likelihood measures, such as Bayes’ 
equation, allow one to easily 

a. incorporate water quality data into the model calibration process,  
b. consider land use change within the watershed during the model calibration 

process, and 
c. incorporate data with missing records into the model calibration process. 

 
GOODWIN CREEK 

 
Goodwin Creek is an 8.26 square mile experimental watershed (upland erosion, instream 
sediment transport, and watershed hydrology) operated by the Agricultural Research Service 

 4



(ARS) of the United States Department of Agriculture (USDA). Goodwin Creek is a tributary of 
Long Creek, which flows into the Yocona River, one of the main rivers of the Yazoo River 
Basin. The Goodwin Creek watershed is located in Northern Mississippi, approximately 60 miles 
south of Memphis, Tennessee. Goodwin Creek is divided into fourteen nested sub-watersheds 
with a flow measuring flume constructed at each of the sub-watershed outlets. The drainage 
areas above the gaging sites range from 0.63 to 8.26 square miles. Thirty-one standard recording 
rain gages are uniformly located within and just outside of the watershed. Sub-watershed 
boundaries, a digital elevation model derived stream network, and rain and stream gage locations 
are shown in Figure 1. 
 

 
Figure 1. Goodwin Creek watershed, delineated sub-watersheds, derived stream network, rain 

and numbered streamflow gage locations. 
 
The watershed flows approximately from northeast to southwest, draining a total area of 8.26 
square miles, with the outlet located at latitude 34° 13’55” and longitude 89° 54’ 50”. Terrain 
elevation ranges from 72 meters to 123 meters above mean sea level with an average channel 
slope of 0.004 in Goodwin Creek. The Goodwin Creek watershed is largely free of land 
management activities with thirteen percent of its area being under cultivation and the rest in idle 
pasture and forest land. Periodic acquisition of aerial photography and satellite data contribute to 
complete aerial coverage of land use and surface conditions. The predominant soil texture for 
Goodwin Creek watershed is silt loam with a small percent of sandy loam. The average annual 
rainfall from 1982 to 1992 was 56.7 inches, and the mean annual surface runoff measured at the 
watershed outlet was 5.7 inches per year. 
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GOODWIN CREEK HSPF DATA DEVELOPMENT 
 
Physical watershed-specific data relevant to HSPF model development and calibration 
(elevation, channel geometry, soils, vegetation, and land use and land cover (LULC), among 
others) were obtained from GIS databases and field observations. The ArcView and Geographic 
Resources Analysis Support System (GRASS) (USACERL 1993) GIS software packages were 
utilized for mapping and evaluation at multiple scales. Meteorologic data were collected from 
weather stations maintained by the National Weather Service (NWS) and the ARS within and 
surrounding the Goodwin Creek watershed. Streamflow data for the Goodwin Creek watershed 
was collected from the ARS to calibrate and validate the HSPF model. The ANNIE (Flynn et al. 
1995) and WDMUtil (USEPA 1999) utility software packages were used to input and 
subsequently manage the meteorologic and calibration time series data in a Watershed Data 
Management (WDM) file. 
 
Physical watershed-specific data, in a GIS format, were obtained from United States Geologic 
Survey (USGS) National Elevation Dataset thirty meter Digital Elevation Model (DEM), the 
USGS thirty meter National Land Cover Data, and the Soil Survey Geographic (SSURGO) 
database. 
 
A climate summary of mean monthly temperatures indicated that it would not be necessary to 
model snow accumulation and melt for Goodwin Creek. As a result, the meteorologic time series 
data requirements for an HSPF hydrologic model of Goodwin Creek included precipitation and 
potential evapotranspiration. Precipitation data were obtained from the ARS. For HSPF, potential 
evapotranspiration is typically prescribed by multiplying pan evaporation data by a pan 
coefficient. Actual evapotranspiration is subsequently simulated based on the input potential 
evapotranspiration data, model algorithms, and evapotranspiration parameters. Hourly Pan 
evaporation data were obtained from four locations within the WDM data file for the state of 
Mississippi that is packaged with the BASINS system from the EPA 
(http://www.epa.gov/OST/BASINS/download.htm ). 
 
Streamflow data for the gaging sites within Goodiwn Creek watershed were collected to calibrate 
and validate the HSPF model. Streamflow data were provided by the ARS. The streamflow gage 
locations within Goodwin Creek are shown in Figure 1. 
 
The ANNIE and WDMUtil utility software packages were principally used to input (at an hourly 
time interval), manipulate, and subsequently manage these meteorologic and calibration time 
series data in a Watershed Data Management (WDM) file. 
 

GOODWIN CREEK HSPF HYDROLOGIC MODEL DEVELOPMENT 
 
The principal software tool that was utilized to develop an HSPF model for Goodwin Creek was 
the Watershed Modeling System (WMS) (Brigham Young University - Environmental Modeling 
Research Laboratory 1999). The WMS DEM module was initially used to delineate and 
discretize the watershed, using the thirty-meter DEM data that was obtained for the watershed. 
As shown in Figure 1, thirty-eight sub-watersheds were delineated using the WMS DEM 
module. Available channel geometry data,  provided by the ARS, supported the detailed 
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watershed discretization. The WMS MAP module was used to display various ArcView data 
layers that were imported to support watershed discretization and model development (e.g., rain 
and stream gage locations, hydrography, background TIFF image). The WMS HSPF module was 
used to develop the Users Control Input (UCI) file, the main HSPF model input file, for each 
watershed. 
 
The partition of precipitation at the land surface is driven by land use, soils, and the degree of 
urbanization (impervious area), among others. The purpose of land segmentation within a 
watershed is to construct a conceptual model with the minimum number of land segments needed 
to simulate the hydrologic processes within the watershed (Dinicola 1990). Infiltration is a 
significant process in the hydrologic cycle, notably influencing surface runoff volume. The 
principal infiltration parameter in HSPF, INFILT, is primarily a function of soil characteristics, 
and value ranges have been related to SCS hydrologic soil groups (Munson, 1998; USEPA 
2000). To account for the spatial variability within a watershed and support parameter 
assignment, Land Use and Land Cover (LULC) data are typically used to describe distinct 
hydrologically homogeneous units within a watershed, with typical applications utilizing 
approximately five to six distinct land use classes. USEPA (2000) provides guidance for the 
selection of several HSPF model parameter values based on land surface conditions. The LULC 
data was reclassified to generate a more manageable number of distinct land use classes. The 
distinct land use classes that were considered for the HSPF model application of Goodwin Creek 
included deciduous forest, evergreen forest, mixed forest, pasture/hay, and row crops. GIS 
analysis allowed for the determination of a single “land surface response” map for the Goodwin 
Creek watershed, which essentially is a cross product of the reclassified LULC data and 
hydrologic soils group data for the watershed. Due to the land use distribution within Goodwin 
Creek, no impervious land segments were used to model Goodwin Creek. The “land surface 
response” map for Goodwin Creek was subsequently imported into WMS and mapped to the 
watershed; whereupon, a Users Control Input (UCI) file was automatically generated. At this 
point, using the HSPF interface within WMS, various modules and compartments could be 
activated, and parameters for the respective compartments initially estimated. The PERLND/ 
PWATER and RCHRES/HYDR application modules and associated compartments were 
activated to model Goodwin Creek.  

 
Initial parameter estimates were based on guidance provided by USEPA (2000), Munson (1998), 
USACE and USEPA (2000), GIS-based analysis, and data stored for a particular watershed in 
WMS. For example, the lower zone nominal soil moisture storage, LZSN, parameter values were 
initially based on the mean annual precipitation for the entire watershed and guidance provided 
by USEPA (2000) and Donigian and Davis (1978).  
 
Stage-discharge relationships for each of the thirty-eight reaches within Goodwin Creek were 
specified based on application of Manning’s equation and information obtained from the ARS.  
 

GOODWIN CREEK HSPF HYDROLOGIC MODEL CALIBRATION 
 
HSPF model parameters are not available from field data, and must be determined through 
model calibration. A standard HSPF hydrologic model calibration is divided into four phases 
(HydroGeoLogic, Inc. and AQUA TERRA Consultants 1999):  
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1. Establish the annual water balance 
2. Adjust low flow / high flow distribution  
3. Adjust storm flow / hydrograph shape 
4. Make seasonal adjustments 

 
Four parameters significantly influence the annual water balance: INFILT, LZSN, UZSN, and 
LZETP (Munson 1998; HydroGeoLogic, Inc. and AQUA TERRA Consultants 1999; Bergman 
and Donnangelo 2000). The parameters INFILT, AGWRC, and BASETP significantly influence 
the low flow / high flow distribution (HydroGeoLogic, Inc. and AQUA TERRA Consultants 
1999). The parameters UZSN, INTFW, and IRC significantly influence stormflow volumes and 
hydrograph shape (Munson 1998; HydroGeoLogic, Inc. and AQUA TERRA Consultants 1999). 
Seasonal adjustments are generally accomplished by using time varying values for the 
parameters CEPSC, LZETP, and UZSN. Adjustments to KVARY and BASETP may also be 
used (Munson 1998; HydroGeoLogic, Inc. and AQUA TERRA Consultants 1999). Munson 
(1998), HydroGeoLogic, Inc. and AQUA TERRA Consultants (1999), Bergman and Donnangelo 
(2000), and USEPA (2000) all provide excellent descriptions of these HSPF water budget 
parameters, and others, and their impact on the various phases of an HSPF hydrologic model 
calibration. The HSPF Application Guide states that “calibration should be based on several 
years of simulation (3 to 5 years is optimal) in order to evaluate parameters under a variety of 
climatic, soil moisture, and water quality conditions.” A “good” HSPF hydrologic model 
calibration has r-squared values at annual, seasonal, and daily timescales of 0.9, 0.8, and 0.6, 
respectively (Munson 1998). 
 
Manual Calibration: A manual calibration was conducted for the Goodwin Creek HSPF model 
treating each of the thirty-eight sub-watersheds with the same pervious land segment parameters. 
Results from the manual calibration are summarized in Tables 1-4, respectively. Values of the 
Nash and Sutcliffe (1970) efficiency criterion, ES, range from 1 to ∞− . When model predictions 
equal observed values, ES equals 1. Negative values of ES imply that the model’s predictive 
power is worse than simply using the mean of the observed values. Figure 1 identifies the 
locations where model performance was assessed. Calibration parameters included LZSN, 
AGWRC, INFILT, UZSN, and LZETP. DEEPFR, BASETP, and AGWETP were set to 0.0. 
CEPSC, NSUR, INTFW, AND IRC were set to 0.125, 0.2, 1.0, and 0.7, respectively. LZS and 
UZS were set equal to LZSN and UZSN, respectively, during the manual calibration. 
 

Gage 1 2 3 4 5 6 7 10
R-squared 0.852 0.998 0.999 0.997 0.983 0.922 0.979 0.904  

Table 1. R-squared statistics for various gages at the annual aggregation level. 
 

Gage 1 2 3 4 5 6 7 10
R-squared 0.846 0.858 0.892 0.899 0.894 0.876 0.885 0.837

ES 0.705 0.734 0.780 0.805 0.787 0.760 0.742 0.422  
Table 2. R-squared statistics and Nash and Sutcliffe efficiency scores for various gages at the 

monthly aggregation level. 
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Gage 1 2 3 4 5 6 7 10
R-squared 0.893 0.896 0.928 0.923 0.918 0.910 0.917 0.847

ES 0.776 0.794 0.848 0.850 0.838 0.827 0.796 0.637  
Table 3. R-squared statistics and Nash and Sutcliffe efficiency scores for various gages at the 

daily aggregation level. 
 

Gage 1 2 3 4 5 6 7 10
R-squared 0.864 0.890 0.831 0.875 0.892 0.866 0.857 0.798

ES 0.629 0.730 0.690 0.751 0.794 0.739 0.713 0.277  
Table 4. R-squared statistics and Nash and Sutcliffe efficiency scores for various gages at the 

hourly aggregation level. 
 
Application of GLUE: For application of the GLUE procedure of Beven and Binley (1992) to 
the HSPF hydrologic model of the Goodwin Creek watershed, the Nash and Sutcliffe (1970) 
efficiency criterion, ES, was used for the likelihood measure. Initially, 1000 MCS were 
performed. Twelve parameters were allowed to vary across the five different land use classes or 
hydrologic soils groups (LZSN, AGWRC, INFILT, DEEPFR, BASETP, AGWETP, CEPSC, 
UZSN, NSUR, INTFW, IRC, LZETP), with 2 additional parameters allowed to vary monthly 
across two of the land use classes (CEPSC and LZETP). Uniform distributions were utilized for 
sampling, and sampling ranges were based on guidance provided in USEPA (2000), Munson 
(1998), and USACE and USEPA (2000). A dotty plot representative of the results from the 1000 
MCS is shown in Figure 2. A dotty plot is a projection of the MCS points on the performance 
measure surface onto separate parameter dimensions (Beven, 2001). In an effort to reduce the 
number of parameters involved, an additional MCS experiment was performed, treating each of 
the thirty-eight sub-watersheds with the same pervious land segment parameters, as was 
performed for the manual calibration. Dotty plots representative of the results from the second 
MCS experiment are shown in Figures 3 and 4. 
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Figure 2. Dotty Plot. 
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Figure 3. Dotty Plot.     Figure 4. Dotty Plot. 
 

DISCUSSION 
 
Examining the results presented in Tables 1-4 and noting the requirements for a “good” HSPF 
hydrologic model calibration provided above, clearly the manually calibrated HSPF hydrologic 
model for Goodwin Creek is of predictive value. The results from the initial MCS experiment 
were disappointing, with only one of the models having a Nash and Sutcliffe efficiency score 
greater than zero, and that model possessed a low efficiency score of 0.125. The results from the 
second MCS experiment were more instructive, and this may be based on the fact that the 
sampling ranges for the INFILT parameter were widened to reflect information provided in 
Munson (1998) in addition to that of USEPA (2000); whereas, the first MCS experiment only 
reflected the information in USEPA (2000). However, the dotty plots in Figures 3 and 4 confirm 
the manual calibration results rather than suggest model equifinality. The results presented herein 
for the application of GLUE to the HSPF model of Goodwin Creek are very preliminary and 
further examination is required, and will be performed, to assess the utility of GLUE as a general 
tool to support calibration and uncertainty estimation for the HSPF model.   
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Abstract: Much guidance and many regulations are promulgated by regulatory agencies using 
risk assessments based on analytical or semianalytical (i.e., containing numerical methods) 
multimedia models, implemented in either a predictive or comparative mode. In a predictive 
assessment the models are calibrated to observed data to identify representative values of 
parameters within acceptable ranges, or conditioned to reproduce results similar to those 
produced by more sophisticated numerical models.  On the other hand, a comparative assessment 
recreates conditions as they might occur without the aid of calibration or conditioning; the 
analyst investigates ramifications of differing "what-if" scenarios by directly comparing the 
results between scenarios to determine relative and not absolute behavior. Semianalytically-
based approaches are traditionally used in preliminary assessments because they are easy to use 
and conceptualize, inexpensive to implement, receptive to Monte Carlo sensitivity/uncertainty 
analysis, and require significantly less data and resources relative to three-dimensional numerical 
approaches. Because many regulatory analyses are based on semianalytical approaches, concern 
arises with respect to their adequacy in assessments. Numerical analyses are preferred. However, 
as the complexity increases, cost, data-burden, and problem-specificity increase, and uncertainty 
should decrease. Because many installation-wide and regulatory risk assessments are based on 
comparative (uncalibrated or unconditioned) analyses using semianalytical models, this study 
was implemented to help explore differences between conditioned and unconditioned 
assessments using the groundwater medium and numerical modeling as bases for comparison. 
 

INTRODUCTION 
 
Many regulations are promulgated by regulatory agencies using risk assessments based on 
analytical or semianalytical (i.e., containing numerical methods) multimedia models, 
implemented in either a predictive or comparative mode (Nicholson and Parrott 1998; Laniak et 
al. 1997). Semianalytically-based approaches are traditionally used in preliminary assessments 
because they are easy to use and conceptualize, inexpensive to implement, more receptive to 
Monte Carlo (MC) sensitivity/uncertainty implementation, and require significantly less data and 
resources relative to three-dimensional numerical approaches. Because many regulatory and 
compliance analyses are based on semianalytical approaches, concern arises with respect to their 
adequacy in assessments (Nicholson and Parrott 1998; CERE 1997). This site-specific analysis 
compares semianalytical and numerical groundwater modeling results along the main lobe of the 
plume at a centerline distance from the source of approximately 2.75 km (near-field) and 15.3 
km (far-field), respectively. In addition to the numerical analysis, three semianalytical analyses 
were briefly explored: 
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 1. A semianalytical model was separately conditioned to the numerical model at near- and far-
field locations. The near field results are presented herein to explore spatial and temporal 
differences at a site with complex source-term releases, hydrogeology, and hydrodynamics. 
 2. The semianalytically-conditioned far-field results were extrapolated to the near-field location. 
This analysis explores the ramifications of conditioning at one location and applying those 
assumptions to a location other than where the conditioning occurred. 
 3. A MC analysis using the semianalytical model was performed at the near-field location and 
compared to both the numerical and semianalytically-conditioned results. This comparison 
explores the ramifications of performing an assessment without conditioning, a practice typically 
followed in national regulatory assessments. The MC application was based solely on data 
contained in local reports and not on the numerical or semianalytical-conditioned model data.  
 

METHODS 
 
Site Information: These analyses were implemented at a relatively complex site where 
numerical simulations are regularly used for contaminant transport analyses. The study site 
consists of the U tank farms, which are located in the 200 West Area of the U.S. Department of 
Energy (DOE) Hanford Installation in Richland, Washington (Figure 1). The Ringold and 
Hanford Formations represent the major hydrologic units within the unconsolidated sediments 
that form the unconfined aquifer underlying the Hanford Installation. The Ringold consists of 
fluvial gravels overlain by finer silts, sands, and lake deposits, and the Hanford Formation 
consists of gravels and Touchet bed deposits (Hartman 1999). The low-permeability Columbia 
River basalts serve as the lower boundary of the unconfined groundwater system. These folded 
basalts are also exposed to the west and south and in the central part of the installation as Gable 
Mountain and Gable Butte. Groundwater flows predominantly west to east toward the Columbia 
River, which represents the major surficial feature along the northern and eastern edge of 
Hanford with an average annual flow of about 102,600 ft3/s. Currently, a water-table mound east 
of the 200 East Area creates a regional gradient which results in a bifurcated flow regime in 
which some flow is directed from the 200 West Area northward between Gable Mountain and 
Gable Butte and some is directed southeast toward the Columbia River. This mound is expected 
to subside, shifting more of the flow toward the southeast. 
 
Source-Term Boundary Conditions: There are twelve single-shell tank farms on the 200 Area 
Plateau, containing a total of 149 tanks. There are six tank farms each in the 200 West (83 tanks) 
and East (66 tanks) Areas. Each tank contains a mixture of radioactive and chemical constituents 
(Hanlon 1997). The numerical analysis, based on the DOE Composite Analysis (CA) for low-
level waste disposal in the 200 Area Plateau (Kincaid et al. 1998), considered three types of tank 
releases: 1) past leaks, 2) future losses anticipated during tank recovery, and 3) losses from the 
residual remaining in the tanks following source removal (assumed to be 1% by volume). Based 
on the relative significance of the release, technetium-99 (Tc-99) and the U tank farm (area of 
1.41x105 m2) were chosen as the benchmarking constituent and source, respectively. In the CA, 
the three types of tank releases for Tc-99 were transported to and combined at the water table, 
and represented boundary conditions for the groundwater model. Figure 2 presents the Tc-99 
mass-flux rates to the water table, totaling 32.4 Ci. Time zero corresponds to year 1996 in the 
groundwater simulations. Vadose zone flux rates to the groundwater were considered 
insignificant when compared to lateral flow rates in the aquifer. 
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Figure 1. Hanford Installation, Locations of U Tank Farm, Near-Field (node 1592) and Far- Field 
(node 2899) Positions and Cross-Sections, and Outlines of the Tc-99 Plumes as Simulated by the 
Numerical Model at years 53 (2049) and 503 (2499) 
 
Models:  The Coupled Fluid Energy, and Solute Transport (CFEST) model is a transient, multi-
dimensional, finite-element model for analyzing isothermal and non-isothermal groundwater 
flow, energy, and solute transport (Cole et al. 1997). CFEST can be used to simulate both 
confined and unconfined aquifer systems, conduct coupled and decoupled groundwater-flow and 
solute-transport analyses in a constant-fluid-density environment, and perform density-dependent 
flow and transport evaluations. CFEST internally generates three-dimensional finite elements 
based on a user-defined two-dimensional surface grid and vertical-layer details. 
 
Multimedia Environmental Pollutant Assessment System (MEPAS) represents a typical 
semianalytical multimedia risk assessment modeling system that integrates source, transport, 
exposure, and risk/hazard pathways for chemical and radioactive releases to determine their 
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Figure 2. Time-varying Tc-99 Release Rates from the Vadose Zone to the Aquifer, as defined for 
and used by the Numerical and Semianalytical Models: (a) Total Release Pattern over 800 years, 
and (b) 80 year Portion of the Total Release Pattern 
 
 
potential impact on surrounding environment, individuals, and populations (Whelan et al. 1999). 
The groundwater model, which is used in this analysis, solves the one-dimensional steady-state 
advective, three-dimensional dispersive equation for solute transport. MEPAS is housed within 
the Framework for Risk Analysis in Multimedia Environmental Systems (FRAMES) (Whelan et 
al. 1997), along with the Sensitivity/Uncertainty Multimedia Modeling Module (SUM3). SUM3 
is a model that is designed to allow for statistical analyses using deterministic models 
incorporated into FRAMES. SUM3 is based on MC sampling, using Latin Hypercube random 
numbers. The approach has been modified to allow the user to provide analytical algorithms to 
directly relate dependent and independent variables (Gelston et al. 1998). 
 

APPLICATION 
 
Transport results in the numerical model are based on transient flow and the integrated effect of 
velocities calculated at all points in the three-dimensional, variable thickness aquifer system. 
Results in the semianalytical model are based on steady-state flow, a uniform thickness of 100m, 
and an average one-dimensional specific discharge determined from either numerical model 
results or literature values.  The numerical model uses longitudinal and transverse dispersivity to 
account for contaminant spreading, whereas the semianalytical model uses longitudinal, vertical, 
and lateral dispersivity.  The numerical model assumes source dimensions of 375 m on a side. 
The semianalytical model maintains the same source area but accounts for initial lateral 
spreading near the source by defining a wider source area (Table 1). All other semianalytical 
model parameters are defined using values consistent with the numerical model, including the 
highly transient source-term release rates (Figure 2). 



Table 1 Values Assigned to Parameters Used by the Numerical and Semianalytical Models for 
Baseline (Deterministic) Simulations 

MODEL  
PARAMETER Numerical(a) Semianalytical Model 

Baseline Conditioning(b) 
Distance (km) node 1592(c) 2.75 

Total Porosity (fraction) 25 25 

Effective Porosity (fraction) 25 25 

Dry Bulk Density (g/cm3) 1.9 1.9 

Aquifer Thickness (m) variable in space 100 

Darcy Velocity (cm/d) variable in time and space 1.5 

Longitudinal Dispersivity (m) 95 275 

Transverse Dispersivity (m) 20(d) NA 

Lateral Dispersivity (m) NA 375 

Vertical Dispersivity (m) NA 0.130 

Distribution Coefficient (mL/g) 0 0 

Source Length (m) Cell Dimensions(e) 187.5 

Source Width (m) Cell Dimensions 750.0 

Source Area (m2) 1.41E+5 1.41E+5 
(a) All numerical model parameter values are documented in Kincaid et al. (1998) and Cole et al. (1997). 
(b) All semianalytical modeling parameters for the baseline conditioning were conditioned to the numerical 
modeling simulation results. 
(c) Near-field represents node 1592 in the numerical simulation (Kincaid et al 1998) and a distance of 2.75 km in 
the semianalytical simulation. 
(d) Transverse dispersivity accounts for contaminant spreading in all directions perpendicular to flow. 
(e) The dimensions of the grid cells near the source and near-field location used in the numerical simulations are 
fixed by the numerical grid with cell dimensions of 375 m on a side (Cole et al. 1997; Kincaid et al. 1998). 

 
Numerical Model Simulation: The numerical simulation was based on a grid system containing 
23,668 nodes and 23,128 elements with most interior elements being 375 m on a side (i.e., in the 
200 Areas) (Hartman 1999). The numerical model hydrodynamics were calibrated to 1979 water 
table conditions using inverse methodology, and then the transient behavior was calibrated to the 
time period 1979-1996 by adjusting the specific yield. Over a 300-yr period, the numerical 
model predicts transient conditions with the water table declining significantly and “return(ing) 
to near pre-Hanford site conditions that were estimated to exist in 1944” (Kincaid et al. 1998). 
The numerical model accounts for multiple geologic formations and layers (e.g., nine vertical 
layers) with large variations in aquifer thickness (<20 to >180 m), flow condition (speed, 
direction, constrictions, etc.), and transmissivity (<250 to >125000 m2/d ). 
 
No discrete observations of Tc-99 migration at the U Tank Farm were available to facilitate a 



calibration of the model to Tc-99 transport parameters. Although no Hanford field tests have 
been conducted, a technical evaluation was used to assign longitudinal and transverse 
dispersivities and distribution coefficient (Kd) of 95 m, 20 m, and 0 mL/g, respectively, for all 
simulations, locations, and soil types (Kincaid et al. 1998). The selection basis of the site-wide 
parameters presented in Table 1 is provided by Kincaid et al. (1998). Figure 1 presents spatially 
varying Tc-99 concentration contours at years 53 and 503 with 1996 representing the transport 
simulation start time. These years were chosen to help set the orientation of the cross-section, A–
A’ and to illustrate the migration direction of the main lobe of the plume over the time period of 
interest. The Tc-99 plume is predicted to slowly migrate east and northeasterly, then to bifurcate 
with a portion of the plume moving through the gap between Gable Mountain and Gable Butte 
and the other portion moving to the southeast. As the plume migrates toward the Columbia 
River, concentrations decrease due to dilution by regional infiltration and plume dispersion (Cole 
et al. 1997). 
 
Figure 3 presents the numerical model time-varying Tc-99 peak concentrations at the near-field 
location (node 1592), 2.75 km from the source. For each point in time, the values represent the 
highest concentration in the vertical profile. Because the flow is not necessarily horizontal, the 
highest concentration may not necessarily occur at the water table and may not necessarily 
correspond to the same vertical location over time. The peak concentration in the vertical profile 
was chosen for comparison with the semianalytical results because it is traditionally used as a 
conservative indicator in risk assessments. Figure 4 presents the numerical model Tc-99 
concentrations as they vary in the lateral direction, corresponding to cross section A-A’ (Figure 
1) for year 143 at the near-field location. Year 143 represents the arrival time for the peak 
concentration at node 1592, as calculated by the numerical model (Figure 3). Figure 5 presents 
the numerical model Tc-99 concentrations as they vary in the vertical direction, at the near-field 
location for year 143. The numerical model’s vertical contaminant distribution is defined by the 
resolution of the vertical grid for each of the nine layers, resulting in a uniform concentration 
over the first and last 30 m of depth at the near-field location. 
 
Semianalytical Model Conditioning to the Numerical Simulation: The intent of any 
conditioning process is to reproduce contaminant concentrations at a given time and location by 
adjusting pertinent parameters within acceptable ranges. Semianalytical models attempt to 
recreate the real world by assuming that average conditions can describe observed phenomena. 
This assumption is valid only when actual conditions can be described as general trends that do 
not violate physical reality or the physics upon which the model is based. The key is to ensure 
that the values assigned to the calibration parameters are within acceptable ranges. As Freeze and 
Cherry (1979) note and Cole et al. (1997) reconfirm, dispersivity is “the most elusive of the 
solute transport parameters” and cannot be directly measured in the field or laboratory, and no 
tests have been performed at Hanford to develop values on an installation-wide scale. Whelan et 
al. (2000) calibrated a site-specific dispersivity for the I-129 plume emanating from the 200 E 
Area, thereby gaining insight to possible ranges for dispersivity that would be appropriate for use 
in the semianalytical model. Both dispersivity and distribution coefficient are important 
calibration parameters that reflect many things that are not 1) accounted for by the model or 2) 
well understood by current science. Concepts which are traditionally lumped into the calibration 
exercise through calibration parameters and not typically addressed individually by 
semianalytical models include secondary porosity, preferential flow paths, scale-dependent  
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Figure 3. Time-Varying Tc-99 Concentrations at 2.75 km from the Source (Near-Field Node 
1592) Using the Numerical and Semianalytical Models 
 
 
effects, complex geochemistry (e.g., nonlinearities, precipitation/dissolution, pH, ionic strength, 
complexation, etc), transient and multi-directional flow fields, and geohydrologic heterogeneities 
(e.g., formations with widely varying geologic characteristics).  
 
Using the same transient source-term release rates as those used by the numerical model (Figure 
2), the semianalytical model was conditioned to the time-varying simulation results of the 
numerical model at the near-field location, as illustrated in Figures 3, 4, and 5, using the 
parameter values outlined in Table 1. Typical ranges for these parameters at Hanford are 
presented in Table 2, except for dispersivity. Tables 1 and 2 were developed independently of 
one another. Because the semianalytical model assumes a constant flow field whose solute 
transport results have a Gaussian distribution, its peak Tc-99 concentrations are at the water table 
and are compared to the numerical model peak concentrations, which may not occur at the water 
table. Figure 4 presents the semianalytical model conditioned Tc-99 concentrations, as they vary 
in the lateral direction, corresponding to the A-A’ cross section (Figure 1) at the near-field 
location for year 143. Figure 5 presents the semianalytical model conditioned Tc-99 centerline 
concentrations as they vary in the vertical direction at the near-field location for year 143. 
Environmental concentrations represent precursors in the risk assessment, so dose or risk 
represents a typical endpoint, based on peak concentrations. The risks associated with a drinking-
water scenario for the near-field simulations, based on numerical and semianalytical modeling, 
are presented in Table 3 and are identical.  
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Figure 4. Lateral Tc-99 Concentration Profiles at the Near-Field Location for the Numerical and 
Semianalytical Models 
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Figure 5. Vertical Tc-99 Concentration Profiles at the Near-Field Location for the Numerical and 
Semianalytical Models 



Table 2 Values Independently Assigned to Parameters Used by the Semianalytical Model in the 
Monte Carlo Simulations(a) 

Near Field(b) 
Parameter Distribution 

Min Max Mean Standard 
Deviation

Total Porosity (fraction) Normal 0.10 0.33 0.25 0.038 

Effective Porosity (fraction) Normal 0.10 0.33 0.25 0.038 

Dry Bulk Density (g/cm3) Normal calc.(c) calc. calc. calc. 

Aquifer Thickness (m) Uniform 70 115 93(d) NA(e) 

Darcy Velocity (cm/d) LogNormal 0.02 18 8.0 3.0 

Longitudinal Dispersivity (m) Uniform 28 275 152(d) NA 

Lateral Dispersivity (m) Uniform calc.(f) calc.(f) NA NA 

Vertical Dispersivity (m) Uniform calc.(f) calc.(f) NA NA 

Distribution Coefficient (mL/g) LogNormal 0 1.3 0 0.22 
(a) Based on Whelan et al. (2000), Hartman (1999), Kincaid et al. (1998), Cole et al. (1997), Short and Smith 
(1995), Holdren et al. (1994). The values in Tables 1 and 2 were developed independently of one another. 
(b) Near-field represents node 1592 in the numerical simulation (Kincaid et al 1998) and a distance of 2.75 km in 
the semianalytical simulation. 
(c) Bulk density was calculated from total porosity because total porosity was the published parameter: bulk 
density = (particle density)(1 - total porosity). 
(d) Midpoint of range. 
(e) Not applicable. 
(f) Lateral and vertical dispersivities are calculated based on the longitudinal dispersivity: Lateral (= longitudinal 
/ 6) and Vertical (= longitudinal / 800) 

 
Extrapolating the Semianalytical Far-field Conditioning to the Near-Field Location: Many 
assessments use calibrated or conditioned results at one location, which are then extrapolated to 
other locations. For example, an analyst may calibrate to an on-site well, then extrapolate results 
to off-site locations or to future points in time. To begin to explore the ramifications of 
extrapolating results from one location to another, the semianalytical model was conditioned to 
the numerical model at the far-field location and then extrapolated to the near-field location 
using the same parameter values employed in the far-field conditioning. These results were then 
compared to the numerical and semianalytically-conditioned near-field results. The far-field 
location is 15.3 km from the center of the source and is located at node 2899 in the numerical 
simulation (Figure 1). Figure 3 presents the time-varying concentration curve for the far-field 
assumptions, extrapolated to the near-field location. 
 
When applying the far-field assumptions to the near-field location (Figure 3), the semianalytical 
model predicted a time-varying concentration curve that would arrive earlier and with a smaller 
peak than predicted by the numerical or near-field conditioned simulation. The arrival time is 
earlier mainly because the far-field Darcy velocity (4.8 cm/d) is 3.2 times faster than the near-
field Darcy velocity (1.5 cm/d). An increase in the specific discharge also results in an increase 
in dilution and therefore a decrease in concentration. Preliminary risk assessments traditionally 



Table 3 Summary of the Near-Field Risk-based Monte Carlo Results as Compared to the 
Numerical and Semianalytically-Conditioned Deterministic Modeling Results 

Application(a) 

Time 
to 

Peak 
(yr) 

Peak 
Concentration 

(pCi/mL) 

Peak 
Risk(b) 

Risk 
Quotient 
based on 

50th 
Percentile(c) 

Risk 
Quotient 
based on 

95th 
Percentile(c) 

Numerical Model 143 0.30 1.3E-5 1.5 4.7 
Semianalytical Model Near-
Field Conditioning 130 0.30 1.3E-5 1.5 4.7 

Semianalytical Model, using 
Far-Field Conditioning 
Parameter Values, 
Extrapolated to the Near-Field 
Location 

66 0.20 9.0E-6 2.2 7.1 

(a) Near-field location represents a receptor located 2.75 km from the center of the source, corresponding to node 
1592 of the numerical model (Kincaid et al. 1998). 
(b) Peak Risk is based on the peak concentration (deterministic simulation) and is presented as cancer incidence 
from drinking 2 L/d of water over a 70-yr lifetime at the peak concentration based on a dose conversion factor of 
1.46E-9 rem/pCi (Eckerman et al. 1988) and a health effects factor of 6.0E-4 risk/rem (ICRP 1990). 
(c) Risk Quotient represents the ratio of the risk from the 50th or 95th percentile in the Monte Carlo assessment to 
the Peak Risk (Column 4). The risk ratio indicates the degree of conservatism of the Monte Carlo assessment 
using the 50th or 95th percentile. 

 
do not extend preferential credit to risks that occur in out-years. In other words, the risk is not 
discounted because it occurs further in the future. Because most preliminary risk assessments do 
not compensate for time of exposure, peak concentrations are critical in evaluating the effect of 
using extrapolated results. Although the extrapolated results in Figure 3 show a time lag, the 
peak concentrations are within an order of magnitude of the numerical and semianalyticaly-
conditioned peaks. 
 
Monte Carlo Analysis, Based on Local Documents, Using Semianalytical Modeling: Many 
modeling risk assessments are performed using semianalytical models where little calibration to 
monitored data is performed. Instead, the inputs to these models are based on data gleaned from 
local documents, a practice typically followed in installation-wide and national-regulatory 
assessments. When a MC analysis is implemented, the 95th percentile based on peak 
concentrations (e.g., risk) is a conservative indicator of risk. By definition, the 95th percentile 
only indicates that the estimated risk could be exceeded 5% of the time, therefore, not totally 
guaranteeing 100% conservatism. 
 
A MC approach was implemented to explore how conservative the comparative (i.e., 
uncalibrated or unconditioned) risk assessment might be when compared to a semianalytically-
conditioned or numerical analysis. The data for the MC analysis was based on site reports on the 
hydrogeology and other pertinent assessments at the Hanford Installation. Input parameters were 
gleaned from these reports, independent of the semianalytically-conditioned and numerical 
modeling presented in Table 1. Important input parameters were identified and the stochastic 
values presented in Table 2 were assigned. 



 
Although environmental concentrations represent precursors in the risk assessment, dose or risk 
for radionuclides represents a typical endpoint, based on peak concentrations. The risk associated 
with a drinking-water scenario for the near-field simulations, based on semianaytical-conditioned 
and numerical modeling, are presented in Table 3. The near-field risk results are identical. Table 
3 also provides risk quotients that compare the MC-based peak risks with those associated with 
the conditioned results and numerical simulations. The risk quotient indicates the degree of 
conservatism of the MC analysis, using the 50th or 95th percentile. As illustrated in this table, 
basing a site assessment on the 50th and 95th percentiles using the semianalytical model will 
result in being overly conservative by factors of 1.5 and 4.7, respectively. Based on extrapolating 
far-field results to the near-field location, the risk quotients for the 50th and 95th percentiles are 
overly conservative by factors of 2.2 and 7.1, respectively. Table 3 is based on centerline 
concentrations; if the centerline concentrations are higher than those predicted for the 
conditioned or numerical results, then the off-centerline concentrations are susceptible to being 
lower (i.e., less conservative) even though the 95th percentile is used in the analysis. 
 

SUMMARY 
 
Because many regulatory, site-specific, and installation-wide risk assessments are based on 
semianalytical modeling, this study was implemented to help explore differences between 
conditioned and unconditioned assessments using the groundwater medium and numerical 
modeling as bases for comparison. The semianalytical groundwater model, MEPAS, was 
conditioned to the numerical model, CFEST, at near- and far-field locations. The near-field 
results are presented in this paper. Because many assessments use results that are either 
calibrated or conditioned at one location and then extrapolated to other locations, the 
semianalytically-conditioned far-field results were extrapolated to the near-field location and 
compared to the near-field semianalytically-conditioned and numerical simulations. Finally, 
many risk assessments are performed using semianalytical models, where little calibration to 
monitored data is performed. Instead, the inputs to these models are based on data gleaned from 
local documents (national-regulatory assessments). Therefore, a MC approach was implemented 
to explore how conservative the comparative (i.e., unconditioned) risk assessment might be when 
compared to a semianalytically-conditioned or numerical analysis.  
 
These analyses represent a very limited assessment and require more in-depth study. The 
semianalytical modeling and conditioning are based solely on the main lobe of the plume, which 
migrates in the northeasterly direction (Figure 1). The southeasterly migration of the plume is not 
addressed. This explains why the lateral spread of the plume at the near-field location is not 
captured by the MC analysis. This study also does not address nonconservative substances, 
which can have a significant impact on the shape and timing of the concentration profiles.  
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IMPACT OF PARAMETRIC AND RADAR-RAINFALL UNCERTAINTY ON FLOW 
SIMULATIONS FROM A DISTRIBUTED HYDROLOGIC MODEL 
 
By T.M. Carpenter, Hydrologic Engineer, Hydrologic Research Center, San Diego, CA;  
K.P. Georgakakos, Director, Hydrologic Research Center, and Adjunct Professor, Scripps 
Institution of Oceanography, La Jolla, CA. 
 
Abstract:  The widespread implementation and use of weather radar and expanding databases of 
land use, land cover, and terrain are shaping the future of hydrologic modeling through the 
development of distributed hydrologic models capable of utilizing such information.  Such 
distributed hydrologic models allow for spatially-distributed precipitation and spatially-
distributed parametric input.  However, significant uncertainty exists in both radar-rainfall 
estimates and in the distribution of hydrologic properties.  This paper examines the impact of 
such uncertainty on flow simulations from a distributed hydrologic model.  The model used, 
HRCDHM, is a GIS-based distributed model which allows for spatial variation of precipitation 
input and model parameters.  HRCDHM is applied to any large watershed and subdivides the 
watershed into smaller sub-catchments to which the hydrologic components are applied.  
HRCDHM includes components for the generation of surface and subsurface runoff at the sub-
catchment scale, and routing of channel flows through the stream network.  The 2400 km2 
Illinois River basin in Arkansas and Oklahoma and the 1200 km2 Blue River basin in Oklahoma 
were selected as case study watersheds.  Calibrations were perform for three locations: the 
Illinois River at Tahlequah, OK (2420 km2); the Illinois River at Watts, OK (a 1600 km2 sub-
catchment of the Tahlequah basin); and the Blue River near Blue, OK (1230 km2).  Assessments 
were first made on the flow simulation compared to observed flows for these gauged locations.  
Then the sensitivity of the flow simulations to uncertainty in the rainfall and parametric input 
was studied within a Monte Carlo simulation framework.  Additional interior watershed 
locations within each watershed were included in the sensitivity analysis.  The results indicate 
that (a) the distributed model reproduces well the hourly observed flows at gauged locations in 
the study watersheds, (b) the sensitivities of the range of simulated flows due to rainfall 
uncertainty and due to parametric uncertainty are comparable, and (c) statistical flow sensitivity 
due to uncertainty in radar rainfall input and parametric input is scale dependent. 
 

INTRODUCTION 
 
The availability of precipitation estimates with high spatial and temporal resolution 
accompanying the widespread implementation of weather radar, along with expanding high-
resolution digital terrain databases, has shaped the future of hydrologic modeling through the 
development of distributed or semi-distributed hydrologic models that make use of this 
information.  These models allow for spatially-distributed precipitation input and, in some 
instances, spatially-distributed hydrologic model parametric input.  Ogden et al. (2001) provide a 
summary of several distributed models.  An attraction and anticipated benefit of the use of these 
models is to provide additional hydrologic information for locations without flow measurements 
or other observational measurements.  However, there is significant uncertainty in both radar 
rainfall estimates and in the distribution of hydrologic properties due to spatial heterogeneity 
within a watershed. This work addresses the effects of such uncertainty on modeling and 
simulation, examining the following questions: How does the uncertainty in rainfall or 
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parametric input impact flow simulations from a distributed hydrologic model?  How does the 
effect of uncertainty in radar rainfall estimates compare to the effect of uncertainty in model 
parametric input?  How does the flow sensitivity vary at ungauged locations within the 
watershed? 
 
These questions are assessed in this work in the context of distributed hydrologic modeling for 
flow forecasting in an operational environment.  The distributed hydrologic model employed is 
GIS-based, and allows for spatial variation of rainfall input, derived from the operational WSR-
88D weather radar, and of hydrologic model parameters.  For any large watershed of interest, the 
GIS is used to ingest digital terrain data, delineate sub-catchments of a given large watershed, 
and compute subcatchment-scale geometric features and sub-catchment topology necessary for 
the hydrologic model components.  An adaptation of the NWS operational Sacramento soil 
moisture accounting model is applied at each sub-catchment to produce sub-catchment runoff, 
which is then combined and routed through the channel network using kinematic channel 
routing.  Digital databases of soil properties are incorporated to establish the distribution of 
hydrologic model parameter values within the watershed, and also to define uncertainty in these 
parameter values.  The distributed hydrologic model has been applied to the Illinois River 
watershed in Arkansas and Oklahoma with outlet at Tahlequah, Oklahoma, and the Blue River 
watershed with outlet near Blue, Oklahoma.  The watershed areas were subdivided into sub-
catchments with average area on the order of 80 km2.  First the distributed model flow 
simulations were compared to observed flows for various gauged locations within the 
watersheds.  Then the sensitivities of these flows simulations to the uncertainty in the rainfall and 
parametric input were studied within a Monte Carlo simulation framework.  The Monte Carlo 
simulations were performed for selected events.  Sensitivity results are reported for both the 
gauged and for ungauged locations within the study basins. 
 

MODEL OVERVIEW AND APPLICATION BASINS 
 
Model Description:  The goal in developing the model used in this study, HRCDHM 
(Hydrologic Research Center Distributed Hydrologic Model), was to create a first-generation 
distributed hydrologic model suitable for implementation in an operational flow forecasting 
environment.  HRCDHM incorporates several components of existing operational models and 
incorporates precipitation input from the operational NEXRAD radar.  Thus HRCDHM offers a 
gradual transition from current operational practices and an aid to operational forecasters in 
examining issues pertaining to the use of distributed models. The formulation of HRCDHM has 
been provided in Carpenter et al (1999, 2001) and will not be repeated herein.  This paper will 
present an overview of the model and focus on the application to the study watersheds and 
assessment of the sensitivity of flow simulations to uncertain input and parameters.  
 
HRCDHM is a catchment-based, rather than grid-based, hydrologic model.  For a given 
watershed, hydrologic processes are modeled on a sub-catchment basis, and channel flows are 
routed and combined with sub-catchment output through the channel network to the watershed 
outlet or a location of interest.  The hydrologic components of HRCDHM active in this study 
include: 
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(1) computation of mean areal precipitation for each sub-catchment based on 
NEXRAD precipitation estimates; 

(2) soil moisture accounting and runoff generation using the Sacramento soil moisture 
accounting model for each sub-catchment; 

(3) upland channel routing for streams within each sub-catchment; 
(4) channel routing for main stem rivers using kinematic routing. 

 
The hydrologic components of HRCDHM are linked with a GIS to ingest data, compute sub-
catchment properties used in the hydrologic computations, and optionally to display simulation 
results. Digital elevation and land cover data is ingested and used to delineate small-scale 
subbasins within the watershed (as small as 5 km2 for 90-m resolution elevation data).  The 
small-scale sub-catchments are aggregated to a user-specified level appropriate for the 
hydrologic model components (generally larger then 20-30 km2), and geometric properties, such 
as drainage area, stream length, and channel topology, are determined for each aggregate sub-
catchment.  Channel cross-sectional characteristics, necessary for the routing computations, are 
estimated based on regional regression relationships with sub-catchment geometric properties.  
Archived Stage III radar precipitation estimates with hourly resolution are ingested and used to 
compute mean areal precipitation estimates for each sub-catchment and each time step based on 
an arithmetic average of radar pixels within each sub-catchment.  These mean areal precipitation 
estimates are input to the Sacramento soil moisture accounting to produce hourly runoff at each 
sub-catchment, which in turn is input to the channel routing components.  For the details of the 
model formulation, the interested reader is referred to Carpenter et al (1999, 2001). 
 
Additionally, various soil properties are extracted from the STATSGO database (NRCS, 1994) to 
serve as a basis for the distribution of hydrologic model parameters within the application 
watersheds.  The soil properties used are the available water content, permeability and soil 
texture classification.  Using the information provided in the STATSGO database, average soil 
properties were computed for each subbasin in the watershed and for different soil depth layers 
corresponding to upper and lower zone definitions of the Sacramento soil moisture accounting 
model.  The available water content property was used to distributed the Sacramento model 
capacity parameters; the permeability was related to the interflow rate; and the dominant soil 
texture classification was related to the Sacramento model percolation parameters.  The 
distribution of the Sacramento model parameter values was based on a scaling of calibrated 
parameters by the subbasin average soil properties.   
 
Study Watersheds:  The Illinois River basin in Arkansas and Oklahoma and the Blue River 
basin with outlet near Blue, Oklahoma were selected as case study watersheds.  These basins fall 
under the umbrella of the NEXRAD radar at Tulsa, OK.  They are under the jurisdiction of the 
Arkansas-Red Basin River Forecast Center (ABRFC) of the National Weather Service, which 
issues flow and stages forecasts for the Illinois River at Watts and at Tahlequah, and the Blue 
River at Blue.  These three basins constitute the case studies.  The Illinois River at Watts has a 
drainage area of 1600 km2 and is a sub-catchment of the Illinois River at Tahlequah Basin (2420 
km2).  The sub-catchment delineation for these basins yielded an average sub-catchment size of 
84 km2.  The Blue River basin has an area of 1230 km2 and was modeled with an average sub-
catchment size of 60 km2.  Parameters of the hydrologic model for each of these basins were 
calibrated using archived operational hourly precipitation from the NEXRAD radar, and hourly 
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observed discharge.  For each location, the calibration was performed using uniform parameters 
throughout each watershed, but with distributed radar-based mean areal precipitation for each 
sub-catchment.  The calibration period was May 1993 through May 1999.  Statistics of the 
simulated flows for the calibration period are given in Table 1 for the three basins.  For each 
basin, the calibrations yielded cross-correlation between hourly simulated and observed flows in 
excess of 86% with small bias.  After the calibration, the parameters of the Sacramento model 
component were distributed based on the average sub-catchment soil properties derived from the 
STATSGO database.  This distribution is based on a simple scaling of the calibrated parameter 
values (PARAMcal) by the sub-catchment soil properties (SOIL_PROPi) normalized by average 
properties (ΣSOIL_PROPi / N) computed for the entire watershed: 
 

   PARAMi  =  
NPROPSOIL

PROPSOIL

i

i

/_
_

∑
 * PARAMcal    (1) 

 
For this study, only parameters of the upper zone and the percolation function of the Sacramento 
model were distributed based on the soil properties.  The available water content in the upper soil 
depth (0-20 cm) was used to scale the Sacramento model upper zone capacities; the permeability 
in this upper depth was used to scale the interflow rate; and the dominant soil texture (for 20-60 
cm depth) was used to define the variation of the percolation parameters.  This provides an 
objective method to distributed model parameters based on observed soil characteristics and 
variation for any area within the STATSGO database (i.e., the U.S.).  This method could also be 
applied to the lower zone parameters of the Sacramento model, but this was not done in this 
study. 
 
The variation of soil properties within each of these basins is not great and thus, the distribution 
of parameters within the watershed based on soil properties did not vary the calibration statistics 
significantly, as shown in Table 1.  Figure 1 illustrates the average statistics of the monthly 
 
 
 

Table 1.  Calibration Statistics for the HRCDHM Simulated Flows. 
 

 # timesteps CCOR Bias 
Illinois R, Watts 

- uniform parameters 
- distributed parameters 

 

 
52615 

 
0.87 
0.87 

 
-0.45% 
-0.44% 

Illinois R, Tahlequah 
- uniform parameters 
- distributed parameters 

 

 
51049 

 
0.88 
0.88 

 
1.79% 
1.82% 

Blue R, Blue 
- uniform parameters 
- distributed parameters 

 

 
49882 

 
0.87 
0.86 

 
1.57% 
1.42% 
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simulated and observed flows over the calibration period for each location.  The model 
reproduces well the monthly flows, although there is a slight under-estimation of the standard 
deviation of observed flows in August through October for the Blue River. 
 

SENSITIVITY ANALYSIS 
 
After estimation of the distributed model parameters for the study watersheds, focus turned to the 
impact of parametric and radar-rainfall uncertainty on the flow simulations.  In this section, the 
methodology employed for this analysis and the characterization of the uncertainty are discussed. 
 
Uncertainty Definition:  For this paper, three uncertainty cases were defined: (a) precipitation 
input uncertainty, (b) parametric uncertainty and (c) both precipitation input and parametric 
uncertainty. It is noted that this work builds upon earlier studies, which looked at different 
uncertainty definitions in more limited analyses (Georgakakos et al, 1996, Carpenter et al, 1999, 
2001). 
 
Precipitation Input Uncertainty:  Characterizing radar rainfall errors in terms of mean areal 
precipitation at various scales is a difficult problem given the lack of “ground truth” in most 
regions and continues to be an active area of research (Anagnostou et al, 1998; Johnson et al, 
1999).  The following relationship was used to degrade the sub-catchment mean areal 
precipitation (MAP) estimates (see Krajewski and Georgakakos, 1985): 
  

Pe = Po*10ε        (2) 
 
where Pe is the degraded sub-catchment MAP and Po is the sub-catchment MAP based on 
observed radar precipitation.  The value of ε is selected from a range of values in the interval [-
0.2, +0.2], yielding a ratio of degraded MAP to “observed” MAP between 0.6 and 1.6.  This 
formulation was applied to each sub-catchment.  Note that when the observed MAP is zero, the 
degraded precipitation will also be zero.  Thus, no precipitation error is added during dry periods. 
 
Parametric Uncertainty:  The uncertainty in parametric input represents the spatial 
heterogeneity of hydrologic properties within watersheds.  Following the approach to distributing 
model parameters on soil properties, the STATSGO database is again used to define the range in 
the Sacramento model parameters.  The STATSGO database provides information on the range 
in observed soil properties.  This information is used to compute average high and low soil 
properties values for each sub-catchment in the watersheds.  As in equation (1), the upper and 
lower bounds of the Sacramento model parameters were defined by this range in soil properties.  
The parameter bounds are given by the following equations: 
 

  PARAMUPi  =  
NPROPSOIL

PROPSOIL

i

UPi

/_
_

∑
 * PARAMcal     (3) 

 

  PARAMLOi  =  
NPROPSOIL

PROPSOIL

i

iLO

/_
_

∑
 * PARAMcal     (4) 
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Figure 1.  Monthly statistics of observed and simulated flows for the three calibration basins.  
Monthly averages are shown by the solid lines (_), and standard deviations are shown by the 
dashed lines (--). 
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where the parameters values are the storage capacities of the upper zone, interflow rate, and 
percolation parameters, defined based on the sub-catchment soil properties of available water 
content, permeability and dominant soil texture based percolation characteristics.  The subscripts 
“UP” and “LO” denote the upper bound and lower bound of the range.   Uncertainty in all of 
these parameters was considered simultaneously. 
 
Combined Uncertainty:  For the combined uncertainty case, the precipitation uncertainty and 
parametric uncertainty, as defined above, are applied at each sub-catchment and at each time 
step.  This is the most realistic uncertainty case. 
 
Modeling Framework: To examine the impact of uncertainty in parametric and radar-
precipitation input on flow simulations, a Monte Carlo framework is employed.  Random 
perturbations in the values of precipitation and parameters are introduced for each uncertainty 
case given the uncertainty definitions provided above.  For each uncertainty case, 100 Monte 
Carlo simulations were performed.  Each sub-catchment precipitation and/or parameter value 
was independently sampled from uniform distributions with the range of values described in the 
uncertainty definitions (the exponent, ε, is sampled in the case of precipitation uncertainty).  For 
parametric uncertainty, the parameter values were sampled for each sub-catchment and for each 
Monte Carlo run.  For precipitation input uncertainty, the precipitation uncertainty was sampled 
at each time step and for each sub-catchment. 
 
To reduce the computational load, the sensitivity analysis was performed on an event basis.  
Various dates were selected based during the 5/1993 – 5/1999 period based on the occurrence of 
a flow event at the basin outlet.  With significant overlap in the events selected for the three 
study basins, a total of 25 events were selected for the Blue River and 30 events were identified 
for the Illinois River.  At the basin outlet, the period of the events were selected to begin 
approximately two days prior to the rising of the hydrograph and to extend until the base flow 
condition was reached following the peak.  The events ranged from 7 days in duration to 15 
days, and in some instances included double-peak events.  In addition to the outlet locations for 
the three study basins, the sensitivity results were also reported for various interior locations for 
each watershed.  For the Blue River at Blue, two locations were selected encompassing 159 and 
407 km2 respectively.  For the Watts basin, two interior locations were included, with of 204 and 
426 km2, and for the Tahlequah basin, three interior locations were selected, including the same 
426 km2 sub-catchment as in the Watts basin, the Watts location, and an additional 321 km2 sub-
catchment. 
 
To minimize the effect of initial conditions on the selected flow events, the Monte Carlo 
simulations began two months prior to the beginning of the selected events.  At this time, the 
initial conditions were established based on the distributed model states from a deterministic run 
with calibrated parameters that were distributed based on soil properties.  Starting from these 
distributed initial conditions, a total of 100 Monte Carlo simulations were performed, sampling 
from the precipitation or parametric uncertainty, through the end of the event for each of the 
selected events. 
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The sensitivity output is summarized in terms of two measures of the variability in the ensemble 
of 100 simulated flow traces.   These statistics, termed RQ and RC, measure the difference 
between the 10th and 90th percentile flows and are normalized the by median flow, for the actual 
flow traces and cumulative flow traces, respectively.  The statistics are given as: 
 

RQ  =  
50

1090

Q

QQ

R
RR −

      (5) 

for the flow traces and 

RC  =  
50

1090

C

CC

R
RR −

      (6) 

 
for the cumulative flows.  The RQ and RC statistics were computed at every time step of the 
selected events and maximum values were reported for each location and uncertainty case. 
 
Sensitivity Results:  Example output of the sensitivity analysis is shown in Figure 2 for the case 
of parametric uncertainty for the Blue River basin and for the event of December 2-10, 1998.  
The upper plot in the figure shows all flow traces over the event for three basin locations.  Two 
of these locations are ungauged locations within the watershed, and the third location represents 
the watershed outlet at Blue, OK.  The ungauged locations have drainage areas of 159 km2 and 
407 km2 and are arranged in increasing drainage area.  These plots show there is a wide range in 
flow response at each location, and in particular, a wide range in the peak flows simulated.  In 
the example shown, the peak flow ranges from approximately 25 cms to more than 50 cms at the 
outlet location for the Blue River basin. 
 
The lower plot of Figure 2 shows the cumulative flow over the event for each of the locations 
within the watershed.  The median, 10th percentile and 90th percentile cumulative flow traces are 
included in the plot, along with “nominal” cumulative flow trace which corresponds to the flow 
simulation without input uncertainty.  
 
Also included in Figure 2 are characteristics of the event, including the nominal run peak flow 
value and time of peak on the trace flow plots, and the variability measures as described in the 
previous section for both cumulative flow and trace flow plots.  In this example, these measures 
show a trend of decreasing variability with increasing drainage area.  This trend was observed 
often, although not for every event and basin.  Deviations from this trend occur for particular 
events, especially within the Blue River basin, and more often for the case of uncertainty in 
precipitation input.  However, on average, the trend of decreasing variability with increasing 
drainage area holds for all basins and the uncertainty cases presented.  This trend is illustrated for 
the Illinois River at Watts as an example in Figure 3.   Figure 3 shows the average variability 
measures over all events for each of the three uncertainty cases for the Watts basin.  Again, the 
average variability in each uncertainty case decreases as the drainage area of the sub-catchment 
increases.  Also, the average variability measures for the precipitation input uncertainty case and 
for the parametric input uncertainty case are fairly similar.  As expected, average variability is 
consistently higher in the case of combined parametric and precipitation uncertainty.  
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Figure 2. An example of the output of the sensitivity analysis.  This case is for parametric 
uncertainty for Blue River for the date of event.  The upper plot shows all flow traces and the 
lower plot shows cumulative flows for the median, 10th percentile and 90th percentile flows. 
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   Figure 3. Average of variability measures over all events for the Illinois River at Watts, OK.   
   All uncertainty cases are shown. 
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CONCLUSIONS 
 
This paper presents selected results of an extensive sensitivity analysis of a catchment-based 
hydrologic model with spatially distributed parametric and precipitation input.  The model was 
designed as a first-step transition from current operational spatially lumped hydrologic models to 
fully distributed hydrologic models for use in operational river flow forecasting.  Thus, the 
model components are based on formulations commonly used in operational flow forecasting by 
the U.S. National Weather Service’s River Forecast Centers.  Two river systems falling under the 
umbrella of the operational NEXRAD radar in Tulsa, Oklahoma were selected for this case 
study: the Illinois and Blue Rivers.  After calibration, the model applied with spatially-
distributed precipitation input and model parameters reproduces the observed flow at three basin 
locations quite well. 
 
The sensitivity analysis examined the impact of uncertainty in (a) radar-based precipitation input, 
(b) hydrologic model parametric input, and (c) the combination of both precipitation and 
parametric input on flow simulations produced by the given distributed hydrologic model.  The 
analysis was performed through Monte Carlo random sampling for parameters and rainfall input 
perturbations under stated uncertainty bounds for each case.  Sensitivity results were reported in 
terms of normalized flow variability measures, RQ and RC, for three basin outlets where the 
parameters of the hydrologic model had been calibrated, and for additional internal watershed 
locations.  The variability measures indicated that the range in flow sensitivity for the case of 
parametric uncertainty and the case of precipitation input uncertainty are similar for given 
locations under the assumed uncertainty definitions.  The combined parametric and precipitation 
input uncertainty case shows the largest RQ and RC values, or the widest range in flow 
sensitivity for the three study basins.  Comparison of results for locations within a given 
watershed indicated a scale dependency of the variability measures.  The average values of the 
variability measures over all selected events show a decreasing trend in variability with sub-
catchment area. This finding is consistent with prior work (Carpenter et al, 1999, 2000) and is 
indicative of larger basins ability to act as a low pass filter for parameter and input uncertainty. 
 
Ongoing extensions of this work include (a) the application of the sensitivity analysis to 
additional watersheds, (b) the examination of uncertainty in certain routing-characteristic 
parametric input on the flow simulations, and (c) the definition of precipitation uncertainty based 
on radar-pixel scale uncertainty, rather than through mean areal precipitation estimates at the 
sub-catchment scale.  These analyses will further our understanding of the impact of input and 
model uncertainties on flow simulations, and may indicate the expected error in flow simulations 
with operational distributed models.  
 
Another ongoing analysis is the intercomparison of the flow simulation sensitivity between a 
distributed- and a spatially-lumped hydrologic model.  This analysis addresses the question: Is 
there justification in going to the complexity of a distributed hydrologic model given the 
established capability of existing spatially- lumped models for forecasting flows on large river 
basins, and given the existing parametric and input uncertainties?  This analysis may provide 
information regarding the dominant basin or rainfall input characteristics for cases when 
distributed modeling holds an advantage over traditional spatially-lumped models. 
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ABSTRACT: This study presents a numerical examination of infiltration and overland flow in 
spatially heterogeneous hillslopes with special focus on investigating the role of run-on process. 
The high degree of heterogeneity exhibited by the soil parameters that govern the mechanisms of 
infiltration and overland flow on slopes necessitates a stochastic approach. As in previous 
studies, the saturated hydraulic conductivity Ks is considered to be a random quantity and is 
represented by lognormal random field. The analysis is performed by comparing the behavior of 
field scale ensemble mean and variance of infiltration and overland flow rate for cases with run-
on and without run-on. The Green-Ampt model is used to describe infiltration at the local scale 
as it has parameters that can be easily estimated for a wide range of soils. An extensive set of 
Monte Carlo simulations with supporting theoretical analysis is developed. Field-scale mean and 
variance of infiltration as functions of time are computed for different parameters of the random 
Ks field. Results reveal that the influence of run-on can be quite substantial in heterogeneous 
hillslopes. In the presence of run-on, mean field-scale infiltration increases, which in turn has a 
dramatic influence on hillslope hydrograph especially in recession phase. Non-dimensional 
formulation of the ensemble averaged mean and variance of infiltration and overland flow is 
presented with the aid of scaled variables. Two dimensionless numbers γ, and β, expressing the 
characteristic time scales that govern infiltration and overland flow are presented. 
 

INTRODUCTION 
 
The determination of the response of a watershed to rainfall events has been an important theme 
in hydrologic research for a long time. Several processes such as infiltration, subsurface flow, 
ponding and runoff occur simultaneously and influence watershed response. At the hillslope 
scale, hydrologic processes experience both spatial and temporal variation due to heterogeneity 
in topographic features and in soil properties, and unsteadiness in rainfall. The saturated 
hydraulic conductivity Ks occupies an important role in most studies dealing with spatial 
variability of soil infiltration properties. Several modeling studies have indicated that this 
heterogeneity leads to a substantial variation of local infiltration and may influence significantly 
the hydrologic response of natural watersheds to rainfall.  
 
When ponded water is allowed to move downslope as overland flow, an important process called 
the ‘run-on’ effect manifests itself. The run-on process can be defined as the infiltration of 
surface water that, as it moves downslope, encounters areas where moisture deficit has not yet 
been satisfied. In such cases, water available for infiltration includes rainfall and water supply 
from upslope areas. As seen in Fig.1, run-on occurs when surface runoff from upstream cells 
infiltrates in pervious downstream cells. When the random nature of infiltration properties is 
taken into account, the run-on effect can be significant. However, this process is often ignored in 
rainfall-runoff studies. 
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     run-on                     infiltration                         overland flow             slope outlet 

   
                  rainfall                            unsaturated surface                   saturated surface 
 
 

Fig. 1.  Schematic representation of the mechanisms that take place in a hillslope area (adapted 
from Corradini et al., 1998) 

 
The run-on process was incorporated in an analysis of infiltration and Hortonian surface runoff 
carried out by Smith and Hebbert (1979) and then extended by Woolhiser et al. (1996) in order to 
account for flow concentration in rills after rainfall ceases. Saghafian et al. (1995) examined the 
implications of spatial variability of saturated hydraulic conductivity Ks on surface runoff 
incorporating the run-on process and utilizing two-dimensional finite-difference solutions of the 
diffusive wave equations with interactive infiltration described by Green-Ampt equation. 
Saghafian et al. (1995) considered the soil matric potential at the wetting front independent of Ks 
whereas, Woolhiser et al. (1996) considered the parameter S2/Ks as space-invariant. But from 
these studies, the importance of the run-on process could not be clearly elucidated. The role of 
correlation structure of Ks was typically ignored in the analysis of Hortonian runoff generation. 
Corradini et al. (1998) observed the effects of run-on on the Hortonian overland flow generated 
at the hillslope scale under conditions of horizontal heterogeneity of Ks incorporating the role of 
the spatial correlation of Ks. Their results suggest that for realistic values of the coefficient of 
variation of Ks, the run-on process cannot be disregarded because it produces a significant 
decrease of overland flow during both the rising and the recession limb of the hydrograph. 
Govindaraju et al. (2001) studied the behavior of ensemble mean and variance of field scale 
infiltration over soils with spatially correlated hydraulic conductivity fields under both constant 
and time-dependent rainfall sequences, but their study did not incorporate overland flows nor did 
it consider the effect of run-on.  
 
The main objective of this paper is to develop a combined model for the prediction of field-scale 
ensemble mean and variance of infiltration and overland flow. This study will quantify the 
effects of the run-on process on infiltration and Hortonian overland flow at the field scale over 
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soils with spatially correlated hydraulic conductivity. Previous work that is closest in spirit to the 
present study is that of Corradini et al. (1998). They investigated the effect of run-on on 
Hortonian overland flow generated off the hillslope by incorporating horizontal heterogeneity of 
Ks, and studied the role of the level of spatial correlation of Ks. They also looked at the 
possibility of synthesizing the effect of spatial heterogeneity of Ks by trying to estimate uniform 
effective parameters over a given area.  
 
The current analysis differs from previous studies in several ways. In this study, the Green-Ampt 
model has been adopted to describe infiltration at the local scale. This model is a physically 
based model for which model parameters have been tabulated for a wide range of soils (Green 
and Ampt, 1911; Van Mullem, 1991). The cumulative infiltrated depth of water has been used as 
the independent variable instead of time for mathematical convenience. This is useful in 
irrigation practices, where depth of infiltrated water is often the measured quantity. Non-
dimensional variables are developed to obtain simplified descriptions of field-scale infiltration 
and overland flow. This study examines the role of the run-on effect resulting from rainfall over 
a spatially heterogeneous field utilizing an extensive set of Monte-Carlo simulations. The 
analysis also reveals two new dimensionless numbers that express the characteristic time scales 
that govern infiltration and overland flow processes. 
 

SPATIAL PROPERTIES OF THE RANDOM Ks FIELD AND ITS GENERATION 
 
Spatial variability of saturated hydraulic conductivity Ks is found to be an important factor 
affecting the hydrological processes at the hillslope scale. For simplicity, while Ks is assumed to 
be spatially variable, other parameters such as residual water content, saturated water content, 
and capillary head drive remain constant over the field. The justification for this assumption is 
that Ks changes over several orders of magnitude over a single field, while the other parameters 
vary in much narrower limits (Dagan and Bresler, 1983). In line with previous studies, the 
univariate probability density function of Ks is given by: 
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 where Y=ln (Ks). Using second order stationarity, the isotropic autocovariance function of Y can 
be given as: 
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where E [.] stands for the expectation operation,  x1 and x2 denote vectorial spatial locations, R 
denotes separation distance, and Lc determines the correlation length. The autocovariance of Ks 
is given by: 
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The following result can be shown about the lognormal distribution of Ks (Govindaraju et al., 
2001): 
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The univariate description of Ks will be assumed to obey a lognormal distribution with a mean of 
μks and variance of σks

2.  
 

MATHEMATICAL FORMULATION 
 
Infiltration Model: Local scale infiltration is described by the assumption of one-dimensional 
flow into independent, vertically homogeneous columns (Corradini et al. 1998). At any point on 
an area of interest, the soil infiltration behavior can be represented by Green-Ampt model that 
provides an approximate physical theory with an exact analytical solution. The Green-Ampt 
equation was chosen at the local scale because of its simplicity. Another advantage that the 
Green-Ampt model has over empirical equations is that the parameters are physically based and 
can be obtained from measurable properties of the soil.  
 

    

For the ith cell: 
Saturated hydraulic 
conductivity=Ksi 
Infiltration capacity=fi (F) 

Fig. 2. Conceptualization of spatial variability of infiltration process over a field (adapted from 
Govindaraju et al. 2001) 

 
For ease of understanding, the field is visualized as being divided into N cells (Fig.2), the 
saturated hydraulic conductivity for ith cell is Ksi, and the corresponding infiltration capacity is fi 
(F) at the local scale is  

   
F

FKFf sii
+

=
θΔψ)(             (5) 

where Ψ=soil suction head at the wetting front, F=cumulative infiltration and Δθ=difference 
between the saturated and initial water contents (= η-θi ). One of the main goals is to study the 
behavior of ensemble mean and variance of field-scale infiltration over soils with spatially 
correlated hydraulic conductivity fields under constant rainfall sequences considering the case of 
run-on and no run-on process. For obtaining simplified descriptions of infiltration in non-
dimensional form, scaled variables have been used. The following analysis is applicable for any 
local scale infiltration equation, where the infiltration rate can be expressed explicitly as a 
function of the cumulative infiltration. In Fig. 2, for the ith  square, the infiltration rate at the local 
scale is expressed as:  

   ,
⎪⎩

⎪
⎨
⎧

+Δψ=

F
F)θ(K

,r
(F)I

sii  
pipi

pipi

tt,FF

tt,FF

>>

≤≤
         (6)  

 4



    
   
 
where tpi is the ponding time and Fpi is the cumulative infiltration at the ponding time tpi. These 
are: 
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The total infiltrated water depth F is shown as (Chow, 1988): 
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At the local scale, we define the following dimensionless variables: 
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The dimensionless infiltration rate at the ith cell can be expressed as a function of F*: 
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The dimensionless cumulative infiltration F* is: 
 

   
⎪
⎩

⎪
⎨

⎧

≤>−++−++
−

>≤
=

*
c

**
pi

*
*

*
pi

*

*
*

pi
*

*

*
c

**
pi

**

*

FkorFF;
r

t
r
t)Fln(1)Fln(1

1r
1

FkorFF;t
F (12) 

 1r
1Fand

K
rrwhere *

*
pi

si

*

−
==

 

The dimensionless time t* can be expressed in terms of F* as: 
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Using eq. (11) and following Govindaraju et al. (2001), the field scale dimensionless infiltration 
is found to be: 
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This is the expected value of the dimensionless infiltration rate at the field scale. This shows 
explicit dependence of I* in terms of F*. Assuming no spatial correlation, E [I*2] can be expressed 
as: 
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For an uncorrelated ln (k*) random field, variance of dimensionless infiltration can be easily 
expressed as follows: 
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Using eq. (13), the dimensionless time t* is related to dimensionless infiltrated water F* as: 
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This is the expression for the expected value of dimensionless time at the field scale. The 
function G (. , .) that appears in eq. (14), (15), and (17) was defined in eq. (4) for a log normal 
distribution of a random variable (here k*). 
 
Overland Flow Model: Overland flow is both unsteady and spatially varied since it is supplied 
by rain and depleted by infiltration, neither of which is constant with respect to time and 
location. The flow may be either laminar or turbulent or a combination of these two conditions. 
The one-dimensional water mass balance equation for the overland flow along a uniform slope is 
as follows: 

   )i(x,t
x
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+
∂

∂           (18) 

where x is distance along the slope, y (x, t) the overland flow depth, q (x, t) the unit discharge in 
x direction, and i (x, t) is the rainfall excess. The water mass balance equation is combined with a 
momentum balance equation that yields, after neglecting the acceleration and pressure terms, the 
kinematic wave equation, 
               (19) myq α=
The coefficients in the above equation for turbulent flow are m=5/3 and α=s1/2/n upon using 
Manning's equation (Wallach et al. 2001). Also, s is the surface slope and n is the Manning's 
coefficient for turbulent flow. In the present analysis, turbulent flow has been assumed. The 
spatially averaged rainfall excess can be expressed as: 
   Iri −=            (20)  
where r is the rainfall rate and I  is the mean infiltration rate. Following the approach of 
Govindaraju et al. (1990), the flow depth is approximated as: 
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Substituting in eq. (18) and simplifying we obtain:  

   
2
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Under steady state, for continuous constant rainfall and infiltration, the steady state flow depth 
hss and the flow discharge qss are found to be: 
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Dimensionless depth and time variables for overland flow are introduced as follows: 
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Substituting these dimensionless variables in eq. (21), we obtain 
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where γ=ψΔθ/hss is the ratio of characteristic length of soil to characteristic length of flow, and 
β=(αhss

m/hssL)/(r/ψΔθ) is the ratio of characteristic travel times of overland flow to subsurface 
flow. Semi-analytical solutions to eq. (25) are possible for m=3/2, and 3, but not for m=5/3 
corresponding to Manning’s equation. The dimensionless discharge can be obtained from the 
following equation: 
 
                           (26) ss/q)hα(hq m

ss
** =

 
RESULTS AND DISCUSSION 

 
For geometric simplification, we represented a natural square field by a plane of unit area 
divided into 50 by 50 cells under the conceptualization of Fig. 2 with 4% uniform slope in the x-
direction and no cross slope in the y-direction to justify use of 1-D surface flow generation. The 
soil was assumed to be vertically homogeneous while the saturated hydraulic conductivity varied 
as a two-dimensional random field over the soil surface. Table 1 summarizes properties of the 
different random fields simulated in this study. 
 

Table 1 
 

Values of the random field and non-dimensional parameters used for simulations 
 
 μk* σk*

2 γ β 
Case 1 (Base Case) 1 1 11.89 3.83 

Case 2 1 0.5 13.86 3.46 
Case 3 1 2 10.45 4.18 
Case 4 2 1 61.85 1.27 
Case 5 0.5 1 7.82 5.07 
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For each of the cases listed in Table 1, 100 realizations of the k* field were generated. Each 
realization yielded time-dependent infiltration rate and overland flow depths and discharges over 
the entire plane from which the field scale infiltration and surface flow discharge per unit width 
at the outlet were computed. It was found, by trial and error, that 100 realizations were sufficient 
to achieve stable values of these statistics. Therefore, field-scale averages, i.e. the mean and 
variance computed over these 100 realizations were presumed to be equivalent to ensemble 
averages. These simulations were conducted both with and without run-on effects. For simplicity 
in the computation, we considered rainfall rate r to be unity for a dimensionless time duration 
t*=2.0. Also the chosen mean k* values in Table 1 help us to analyze three different conditions: r 
< μKs, r >μKs  and r =μKs. 

  
Run-on and No Run-on: Previous studies by Woolhiser et al. (1996) and Corradini et al. (1998) 
showed the effect of run-on on Hortonian overland flow. In line with their studies, our results 
suggest that the run-on increases field-scale infiltration and reduces the overland flow discharge 
substantially for a particular rainfall rate as shown in Fig. 3(a-f). It is observed that with 
increasing μk* and maintaining the same covariance structure, the difference in discharge rate for 
run-on and no run-on cases becomes higher. For mean k* values higher than 1 (i.e. μk* > r), Fig. 3 
(e) shows that there is negligible difference between dimensionless infiltration for run-on and no 
run-on conditions and the infiltration curve is almost equal to unity during rainfall, which means 
that a large fraction of the rainfall water infiltrates into the soil, leaving very small amounts 
available for runoff. It also shows that post rainfall infiltration significantly influences the shape 
of the flow hydrograph in the recession limb. In Fig. 3(f), as μk* increases, simulations without 
run-on show that a small fraction of water is allowed to contribute as surface runoff. With run-
on, this portion is further reduced. Since runoff hydrographs are nondimensionalized with respect 
to mean steady-state values of rainfall excess, the results show that run-on has a relatively greater 
role to play with increasing μk*. These results agree with the conclusion of Corradini et al. 
(1998).  
 
Figs. 4(a-f) show the variance of field-scale infiltration and surface runoff as a function of time. 
When μk*=0.5 in Figs. 4(a-b), then rainfall is generally higher than the infiltration rate, and the 
results are typical of high rainfall events. The infiltration statistics are governed primarily by soil 
properties. Variance is small at initial times as all rainwater infiltrates, reaches a peak value and 
then slowly approaches to its asymptotic value. In this case, variance of the field-scale 
infiltration and surface runoff for no run-on case is lower than corresponding quantities when 
run-on is included.  
 
However, as the rainfall rate is of the same order as hydraulic conductivity, the trend begins to 
reverse as in Figs. 4 (c-d). Now field-scale variances for with and without run-on are similar. As 
time increases, infiltration capacities are satisfied over larger portions of the field and the 
variability from one realization to other is higher for both run-on and no run-on. Considering 
run-on, when the rain stops (at t*=2), there is a sudden increase in variance of dimensionless 
infiltration rate that reflects the high variability between the realizations and slowly it dies down 
to zero. For overland flow, the variance of no run-on case dominates as time increases because 
due to run-on and increased mean k*, the surface runoff decreases considerably and it affects the 
variance between realizations. 
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Fig. 3. Effect of Run-on on Mean Dimensionless Infiltration Rate and Overland Flow with 
increasing mean k*, and  σk*

2=1.0 for all cases. 
 

If μk* is further increased, then the role of run-on is quite dramatic. With run-on, almost all 
the rainwater infiltrates into the soil so that the variability between realizations is much 
smaller. This results in lower variance of field-scale infiltration and surface runoff when the 
run-on effect is included as indicated in Figs. 4(e-f).  
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Fig. 4. Effect of Run-on on the Variance of Dimensionless Infiltration Rate and Overland Flow 
Rate with increasing mean k*, and σk*

2=1.0 for all cases. 
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CONCLUSIONS 
 
This study presents an analysis of the effect of run-on process on infiltration and overland 
flow over hillslopes in response to a constant rainfall event. The saturated hydraulic 
conductivity was represented by lognormal random field and the soil was assumed to possess 
horizontal heterogeneity. A non-dimensional formulation of the ensemble averaged field-
scale infiltration and overland flow were presented. The Green-Ampt model was chosen as 
infiltration model at the local scale as it has parameters that can be easily estimated from 
wide range of soils data. The cumulative infiltrated depth of water was treated as the 
independent variable in determining the infiltration rate. Examination of the effect of run-on 
over hillslopes leads to the following conclusions: 
1. The influence of run-on on field-scale infiltration and runoff can be quite substantial in 

heterogeneous hillslopes, as was demonstrated by Monte Carlo simulations. When run-on 
was taken into account, mean field-scale infiltration increased, which in turn, had a 
dramatic influence on the hillslope hydrograph, especially in recession phase. 

2.  To formulate non-dimensional expressions for ensemble averaged infiltration rates and 
hillslope runoff, scaled variables were introduced. The non-dimensional ensemble 
averaged infiltration rate shows explicit dependence on non-dimensional cumulative 
infiltration F* (=F/ΨΔθ) which is often the measured quantity in field studies. Analytical 
expression for the expected dimensionless time was presented for the no run-on case.  

3. Analysis for overland flow yielded two dimensionless parameters γ and β that are related 
to the soil properties, rainfall and hillslope parameters. Among these, γ is the ratio of the 
characteristic length of soil to the characteristic length of flow, and β is the ratio of a 
characteristic travel time for surface water movement to that of infiltration. These two 
variables show the disparity in time scales of the two processes.  

4. In this study, a significant effect of run-on was observed on the variance of dimensionless 
infiltration and overland flow rate for varying mean and variance of scaled saturated 
hydraulic conductivity. For higher saturated hydraulic conductivity, run-on was found to 
reduce the variance of both infiltration and overland flow.  
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HISTORY, STATE OF THE ART, AND FUTURE TRENDS 
IN WATERSHED MODELING 

 

By Vijay P. Singh, Louisiana State University, Baton Rouge, Louisiana 
and Donald K. Frevert, US Bureau of Reclamation, Lakewood, Colorado 

 

Abstract: Reviewing the role of hydrologic modeling, a discussion of basic considerations 
employed in model construction is provided. These considerations shape the model architecture. A 
watershed hydrology model is an assemblage of component process models whose structures vary 
widely amongst existing models. Although model construction, calibration, and data processing have 
received a great deal of attention until now; model validation, error propagation, and analyses of 
uncertainty, risk and reliability have not received proportional attention. Finally, some remarks are 
made regarding the future outlook for watershed hydrology modeling.     
 

INTRODUCTION 
Watershed modeling deals with modeling of all of the hydrologic processes at the watershed scale 
and integrating them in order to determine the watershed response. The watershed scale can be as 
small as a few square meters in area or as large as hundreds of thousands of square kilometers. 
Because of the significant differences between different size watersheds, watershed models are 
sometimes classified as small, medium and large watershed models. The complexity of hydrologic 
response and the interaction between land surface, pedologic, lithospheric, hydrospheric and 
atmospheric processes have a direct relation to the watershed size. The nonuniformity of hydrologic 
processes is a direct result of the watershed size. Depending on the land use, watersheds can be 
agricultural, rural, forest and wildland, urban, mountainous, desert, wetlands, swamps, and marshes, 
coastal, and mixed use. The role of hydrologic processes occurring on a watershed is essentially 
determined by its type (or land use) and size.  
 
Watershed models are employed in planning, design, and operation of projects to conserve and 
protect water and soil resources. At a larger scale, models are used for flood protection projects, 
rehabilitation of aging dams, flood plain management, water quality evaluation, and water supply 
forecasting. At the field scale, they are used for planning and designing soil conservation practices, 
irrigation water management, wetland restoration, stream restoration, and water table management. 
Watershed models are employed for short-term problems, such as reservoir release planning, flood 
warning systems, and erosion control from construction sites; as well as for long term problems, 
such as reservoir design, urban storm drainage design, establishment of policies regarding leaching 
from landfills, non-point pollution, and reconstruction of drainage systems. 
 
Watershed models are fundamental to achieving the link for sustainability of land and water 
resources and are needed for water resources assessment, development, and management. Water 
allocation requires conceptual integration of watershed modeling with physical habitat modeling, 
biological population modeling and economic response modeling. Watershed models are also 
essential to understand the dynamic interactions between climate and hydrologic systems. The 
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impact of climate change on national water resources and agricultural productivity is made possible 
by the use of mathematical models of hydrology. 
 
The objective of this paper is to survey the evolution of mathematical modeling of watershed 
hydrology, put the developments in mathematical modeling in a historical perspective, point out 
what the main issues are that need to be addressed, and conclude with a personal view of what the 
future has in store for modeling of watershed hydrology.  

 
HISTORICAL PERSPECTIVE 

The  beginnings of hydrological modeling can be traced to the development of civil engineering in 
the nineteenth century for design of roads, canals, city sewers, drainage systems, dams, culverts, 
bridges, water supply systems, and so on. Until the middle of the 1960s, hydrologic modeling 
involved development of concepts, theories and models of individual components of the hydrologic 
cycle. These relate to overland flow, channel flow, surface flow, infiltration, depression storage, 
evaporation, interception, and base flow.  
 
Development of Component Models:  The development of mathematical models of the 
components of the hydrologic cycle occurred over  a long span of time. However, it is interesting to 
note that the developments occurred in clusters over certain periods of time and were not steady. 
Until the end of the 1950s, most modeling efforts focused on only one component of the hydrologic 
cycle. In what follows, only a short discussion of the early developments is given. 
 
Surface Runoff:   The origin of mathematical modeling dates back to the rational method developed 
by Mulvany in 1850 and another ‘event’ model by Imbeau (1892) for relating storm runoff peak to 
rainfall intensity. About four decades later, Sherman (1932) introduced the unit hydrograph concept 
for relating the direct runoff response to rainfall excess. About the same time, Horton (1933) 
developed a theory of infiltration needed for determination of rainfall excess and hydrograph 
separation. In 1938 Horton investigated overland flow and produced a semi-empirical formula. 
Considering overland as a spatially varied unsteady flow, Keulegan (1944) made a theoretical 
investigation and Izzard (1944) followed with an experimental analysis. Horton (1945) further 
developed a set of empirical laws have constituted the foundation of quantitative geomorphology.  
 
After a lull of nearly a quarter century in the area of rainfall-runoff modeling, a flurry of modeling 
activity started around the middle of the 1950s, which led to the theory of the instantaneous unit 
hydrograph by Nash (1957) and then the generalized unit hydrograph theory by Dooge (1959). In 
1955, Lighthill and Whitham developed kinematic wave theory for flow routing in long rivers. This 
theory is now accepted as a standard tool for modeling overland flow. Woolhiser and Liggett (1967) 
employed the St. Venant equations for modeling overland flow, especially the rising hydrograph. 
Many other attempts have since been made to employ these equations and develop a hydrodynamic  
theory for surface runoff but the kinematic wave approximation, as shown by Woolhiser and Liggett 
(1967) is sufficiently accurate for modeling overland flow. Morris and Woolhiser (1980) introduced 
the diffusion wave approximation to the St. Venant equations of overland flow. The diffusion wave 
theory has since been developed and employed for surface runoff modeling. 
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Subsurface Flow:    Concurrent with Horton’s work, Lowdermilk (1934) observed that storm flow 
hydrographs could be described by subsurface water movement.  Subsequently, Hoover and Hursh 
(1943) reported significant stormflow generation due to a ‘dynamic form of subsurface flow.’ 
Roessel (1950) observed dynamic changes in streamside groundwater flow. Based on the works of 
Hewlett (1961), among others, it is now accepted that unsaturated flow could generate  streamflow. 
Through the years since the 1940s this thinking culminated into what is now referred to as 
subsurface flow mechanism and has indeed expanded into a more integrated understanding of 
streamflow generation of which Horton’s theory is but a part. 
 
Infiltration:    One of the earliest attempts to develop a theory of infiltration was by Green and 
Ampt (1911) who derived what is now popularly called the Green-Ampt formula for computing the 
infiltration capacity rate. Kostiakov (1932) developed a simple empirical formula which, in its 
modified form, is still frequently used in irrigation hydrology. Around the same time and in later 
years, Horton (1933) developed his theory of infiltration. Horton’s equation is still a very popular 
infiltration equation in hydrology.  Philip (1957) presented an analysis of infiltration based on 
Fokker-Planck equation and derived a two-term infiltration model which has become one of the most 
popular infiltration models in hydrology. Holtan (1961) developed an infiltration model which 
employed the concept of systems analysis. Overton (1964) extended this model. The Hydrologic 
Engineering Center (1966) employed an empirical model for computing rain infiltration. Smith 
(1972) derived an extended version of the Kostiakov model which has also been popular. Mein and 
Larson (1971) presented a physically based infiltration model to predict infiltration volume and time 
to ponding.  All of these models compute infiltration capacity, not actual infiltration rate. 
 
Evaporation:    Richardson (1931) applied the energy method to determine evaporation from lakes. 
In those days the techniques for measuring different components of energy balance were not reliable 
and as a result the energy budget method was not a popular method for estimating evaporation. In 
1948, Thornthwaite developed an equation for computing evapotranspiration (ET) under limited 
water conditions, which is still a popular method. Around the same time Penman (1948) combined 
the energy balance and mass transfer methods leading to a pioneering theory which has since been 
the catalyst for most later developments in the area of evaporation and evapotranspiration. Monteith 
(1965) incorporated aerodynamic and canopy  resistance in the Penman equation and the modified 
equation is popularly known as the Penman-Monteith equation. Blaney and Criddle (1945) 
developed an empirical relation between ET  and mean air temperature and mean percentage of 
daytime hours. This has been one of the most popular models for computation of ET. Using radiation 
and temperature, Jensen and Haise (1963) developed another popular ET model.  Christiansen and 
Hargreaves (1969) developed a regression relation between ET and climatic variables. Each of  these 
models has been employed in one watershed hydrology model or another. 
 
Abstraction:   Horton (1919) derived a series of empirical formulas for estimating interception 
during a storm for various types of vegetal covers.  For computing the amount of a storm taking into 
account abstraction and runoff.  The Soil Conservation Service (SCS) of the U. S. Department of 
Agriculture developed in 1956 what is now referred to as the SCS-CN method. The method is based 
on two simple hypotheses and takes into account the effect of soil type, antecedent moisture 
condition, and land use. This method has since undergone several refinements and is frequently used 
on agricultural, forested, urban, and other types of watersheds. It has also been extended to model 
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infiltration as well as runoff hydrographs and for water quality modeling and continuous hydrologic 
simulation. 
 
Groundwater Flow:    The portion of rainfall infiltrating into the soil, percolating down and 
recharging the groundwater also received significant attention. Investigating the flow of water 
through sands, Fair and Hatch (1933) derived a formula for computing the permeability of a soil 
from soil properties. Combining Darcy’s law with the continuity equation, Theis (1935) derived the 
relation between the lowering of the piezometric surface and the rate and duration of discharge of a 
well using ground-water storage. This work laid the foundation of quantitative groundwater 
hydrology. Jacob (1943) correlated ground water levels and precipitation on Long Island, New York. 
The study of groundwater and infiltration led to development of techniques for separation of 
baseflow and interflow in a hydrograph (Barnes, 1940). These and similar techniques are still 
popularly employed in hydrologic modeling (Toebes and Strang, 1964). Maddock (1972) and Morel-
Seytoux (1975) considered stream-aquifer-well interactions and derived simple models which have 
since been incorporated in watershed hydrology models.  
 

Reservoir Flow Routing:    In 1928 Puls of the U. S. Army Corps of Engineers, Chattanooga 
District, developed a method for flow routing through reservoirs, assuming invariable storage-
discharge relationships and neglecting the variable slope during flood propagation. This method, 
later modified by the U. S. Bureau of Reclamation (1949), is now referred to as the modified Puls 
method or the storage indication method. For flood routing through reservoirs, this is still one of the 
most popular methods in hydrology. Currently, diffusion wave theory and dynamic wave theories 
are also being employed in watershed models (Fread, 1984). 
 
Channel Flow Routing:     Using the concept of wedge and prism storage, McCarthy and others 
developed the Muskingum method of flow routing in connection with the Muskingum Conservancy 
District Flood Control Project of the U. S. Army Corps of Engineers in 1934-35. The method was 
based on the spatially lumped form of continuity equation and a volumetric flux relation expressing 
storage as a linear function of weighted inflow and outflow discharges. This method has since been a 
popular method of flood routing. Koussis (1978) established a hydraulic analogy of the Muskingum 
method. 
 
Watershed Models:    A watershed hydrology model is an assemblage of component models 
corresponding to different components of the hydrologic cycle. The decade of the 1960s witnessed 
the digital revolution which made possible the integration of models of different components of the 
hydrologic cycle and simulation of virtually the entire watershed as exemplified by the seminal 
contribution of the Stanford Watershed Model-SWM (now HSPF) in 1966 by Crawford and Linsley. 
This was probably the first attempt to model virtually the entire hydrologic cycle. Simultaneously, a 
number of somewhat less comprehensive and lumped models were developed which became 
popular. Examples of such models are the watershed models of Dawdy and O’Donnell (1965) and 
HEC-1 (Hydrologic Engineering Center, U. S. Army Corps of Engineers, 1968). Also, a number of 
semi-distributed models capable of accounting for the spatial variability of hydrologic processes 
within the watershed were developed, as illustrated by tank models developed by Sugawara (1967). 
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Indeed there has been a proliferation of watershed hydrology models since the development of SWM 
(or HSPF), with emphasis on physically based models. Examples of such watershed hydrology 
models are SWMM (Metcalf and Eddy, et al., 1971), PRMS (Leavesley et al, 1983), NWS River 
Forecast System (Burnash et al., 1973), SSARR (Rockwood, 1982),  Systme Hydrologique 
Europeen (SHE) (Abbott et al., 1986), TOPMODEL (Beven and Kirkby, 1979), IHDM (Morris, 
1980), and so on. All of these models have since been significantly improved. SWM, now called 
HSPF, is far more comprehensive than its original version. For example, SHE has been extended to 
include sediment transport and is applicable at the scale of a river basin (Bathhurst, et al., 1995). 
TOPMODEL has been extended to contain increased catchment information, more physically based 
processes and improved parameter estimation. 
 
The digital revolution also triggered two other revolutions, namely, numerical simulation  and 
statistical simulation. The power of computers has since increased exponentially and, as a result, the 
advances in watershed hydrology have occurred at an unprecedented pace during the last three and 
half decades. As a result, during the decades of the 1970s and the 1980s, a number of mathematical 
models were developed not only for simulation of watershed hydrology but also for their 
applications in other areas, such as environmental and ecosystems management. The development of 
new models or improvement of the previously developed models has continued till today. These 
days virtually all federal agencies in the United States have their own models or some variants of 
models developed elsewhere. In 1991, the U. S. Bureau of Reclamation prepared an inventory of 64 
hydrology and water resources models classified into 4 categories and the inventory is currently 
being updated. Burton (1993) compiled Proceedings of the Federal Interagency Workshop on 
Hydrologic Modeling Demands for the 1990’s, which contain several important watershed 
hydrology models. Singh (1995b) edited a book that summarized 26 popular models from around the 
globe. The Subcommittee on Hydrology of the Interagency Advisory Committee on Water Data 
(1998) published proceedings of the First Federal Interagency Hydrologic Modeling Conference 
which contains many popular watershed hydrology models developed by federal agencies in the 
United States. Wurbs (1998) listed a number of generalized water resources simulation models in 
seven categories and discussed their dissemination.  
 

Global Hydrology Models:    The decade of the 1990s also started with an emphasis on regional 
and global hydrology which called for integration of hydrologic (terrestrial, pedologic and 
lithologic), atmospheric and hydrospheric models, with emphasis on evaluating the impact of 
climate change. The integration became possible due to the data  being gathered by large scale field 
experiments, such as STORM, GEWEX, HAPEX-MOBILHY, MAC-HYDRO, and  so on.  As a 
result, there exists a multitude of hydrologic models for application at the continental and global 
scale. The global hydrology model developed by Anderson and Kavvas (2001), the continental scale 
model- UMUS by Arnold et al. (1999), the regional-scale model developed by Yoshitani, et al. 
(2001), and ISBA-MODCOU developed by Ledoux et al. (2001), among others are examples.   
 
Linking of Water Quality:     The decades of the 1980s and the 1990s also witnessed the linking of 
hydrologic models with those of geochemistry, environmental biology, meteorology, and 
climatology. This linking became possible primarily for two reasons. First, there was increased 
understanding of spatial variability of hydrologic processes and the role of scaling. This was 
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essential because different processes operate at different scales and linking them to develop an 
integrated model is always challenging. Second, digital revolution made possible the employment of 
GIS, remote sensing techniques and data base management systems.  
 
Expert Systems:    There was also some attention paid to development of expert systems in 
hydrology. Gashing et al. (1981) probably were the first to develop a knowledge-based expert 
system for water resource problems. Underlying this system was SWM/HSPF. Simanovic (1990) 
described an expert system for selection of a suitable method for flow measurement in open 
channels. Although the area of artificial intelligence is very appealing, it somehow has not attracted 
much attention of the hydrologic community.  
 

STATE OF THE ART-WATERSHED MODELS 

There are several models that are well-known general watershed models in current use in the U. S. 
and else where. These models vary significantly in the model construct of each individual 
component process partly because these models serve somewhat different purpose. HEC-HMS is 
considered the standard model in the private sector in the U. S. for design of drainage systems, 
quantifying the effect of land use change on flooding, etc.  The NWS model is the standard model 
for flood forecasting. HSPF and its extended water quality model are the standard models adopted 
by  the Environmental Protection Agency for EPA-related work. The MMS model of the U. S. G. S. 
is a state of the art model for water resources planning and management works, and is widely used in 
government agencies such as the U. S. Bureau of Reclamation. TOPMODEL and SHE are the 
standard models for hydrologic analysis in many European countries. The HBV model is the 
standard model for flow forecasting in Scandinavian countries. Since there is a wide variation in the 
level of  sophistication  and complexity of these models, partly driven by their different use 
requirements, it may be appropriate to review the state-of-art of different model components. 
 
Model Structure:     The model architecture/structure depends on the component processes included 
in the model, the way these processes are modeled and other aspects of the model, such as 
calibration, verification, testing, evaluation, error analysis, reliability analysis, and risk analysis.  
Most models do not go beyond model testing, although some models now include statistical 
analyses, graphical and visual design, and reliability analysis. Even the model testing is done in a 
qualitative way and less than rigorously. The model architecture is also influenced by the watershed 
for which the model has been built and the objective of model building. For example, in a large 
watershed there may be dams, canals, hydraulic structures, highways, railways, etc. To model the 
influence of these structures, a considerable amount of hydraulics is involved; whereas such may not 
be the case in case of a small watershed. Furthermore, in many cases watershed hydrology models 
are also used as components of larger models, such as a model of ecology, a climate model, an 
economic model, etc. 
 
Model Architecture:     The model construction depends to a large extent on the way the model 
software is developed. This, in turn, however depends on the scope of the model. If the model is to 
be embedded in a larger decision making model or a larger environmental model, its architecture 
will be different. A watershed hydrology model may be a component of a climate model consisting 
of atmospheric, oceanic and land surface models. At the level of a watershed hydrology model itself, 
the model may be a quantity model or quantity and quality model. Its architecture is shaped by its 
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lumped or distributed nature. In general, a model has a data module, a terrestrial module, a soil 
module, a groundwater module, a routing module, a parameter estimation module, and a testing 
module. There may be modules for water quality, erosion and sediment transport, and a host of 
others. In addition, it is desirable to have modules for errors analysis, and risk and reliability 
analysis.   
 
Watershed Representation:     There are many ways by which a watershed is represented for 
hydrologic modeling. Depending on the type of the model, the watershed may be represented by a 
network consisting of subbasins, river reaches, confluences, dams and reservoirs, diversions, canals, 
drainage ditches, pipes and culverts, and pumps.  Or the watershed may represented as a lumped 
system or a distributed system wherein subunit delineation may be on the basis of geomorphologic, 
conceptual, digital terrain, digital elevation, segmentation, or hydrologic response unit 
considerations. Furthermore, the watershed may be divided into subunits in the vertical plane. The 
use of topographic maps and digital elevation models has become common for delineating streams 
and representing the watershed by a stream network. The watershed representation is one of the key 
elements in watershed modeling, for it is this representation through which flow configuration and 
directions are determined.  
 
Precipitation:     Precipitation constitutes input to watershed hydrology models. In many models, an 
areal estimate of precipitation is made. Lately, the focus has shifted toward using spatially measured 
precipitation. For example, when a watershed is segmented into hydrologic response units or 
subbasins, then each subbasin may be represented by a raingage. In that case, all rainfall 
measurements would be utilized in the model. Sometimes, Thiessen polygons or isohyets are 
constructed and used to segment a watershed, with each segment being modeled as a subunit. In a 
mountainous region, a watershed may be segmented on the basis of elevation zones. Thus, the 
watershed may be divided in the horizontal plane as well as in the vertical plane to delineate 
relatively homogeneous subareas. This is especially the case for accounting for snow and subsequent 
snow melting. 
 
Storage Abstractions:     Interception, depression storage, detention storage constitute abstractions 
which have received relatively little attention. Interception has been treated well but mostly in 
forested watersheds. In general, the other abstractions are lumped either with infiltration and/or 
evaporation or are even ignored.  In some models, however, each storage abstraction is accounted 
for separately. For example, interception is modeled using a linear function of precipitation and 
vegetative canopy. Detention and depression storage is modeled using an exponential model. 
 
Evaporation and Evapotranspiration:     There is a well developed theory for computing potential 
evaporation where there is no limitation to the availability of water, i.e., evaporation from water or 
saturated bodies. The theory is either based on some combination of the energy balance and mass 
transfer. Two famous examples of this combination approach are the Penman-Monteith method and 
the Priestley-Taylor model. Sometimes mass transfer or energy methods are also employed. 
Different methods have been employed in different models. The difficulty however arises when 
computing evaporation from unsaturated bodies where there is limited water and there is vegetation 
in the soil. In that case, transpiration is combined with evaporation and evapotranspiration is 
computed. Clearly, this depends on the soil moisture accounting and rootzone development. There 
are several empirical models for computing evapotranspiration such as the Jensen-Haise model, the 
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Hargreaves model, the Blaney-Criddle model, and so on. However, most of time the rate of actual 
evapotranspiration is needed, but its computation is complicated by the time varying soil moisture, 
especially when it is below field capacity and the complicated nature of root zone development in 
response to seasonal change and human activity.   
 
Infiltration:     Infiltration is one of the key components in watershed hydrology modeling. 
Although distributed models have been developed, point-infiltration estimates are most frequently 
made. This is primarily due to the lack of soil-related data. The infiltration models, which have some 
physical basis and are frequently used, are the models of  Philip, Smith and Parlange, Green and 
Ampt, among others. There are other physically based models based on simplifications of Richards 
equation. The models of Horton, Overton, Holtan, Kostiakov, SCS, etc. are empirical but are quite 
popular. It is not clear which models are really more accurate and better to use.  
 
Rainfall-Excess/Soil Moisture Accounting:     Once all abstractions are determined, soil moisture 
accounting is made, which, of course, requires an estimate of surface and subsurface flows. This 
requires an application of the water budget equation. If the portion of precipitation infiltrating into 
the soil is estimated, the status of soil moisture is assessed, which is needed to determine the 
watershed wetness and transform potential evapotranspiration into actual evapotranspiration. The 
computation of actual evapotranspiration has been done in different ways, but in all cases the 
methods have been empirical and a sound theory is lacking. By subtracting abstractions from 
rainfall, the effective or excess rainfall is computed for use in the surface flow modeling. Sometimes, 
the Soil Conservation Service-Curve Number (SCS-CN) method is used to determine the amount of 
rainfall excess from the knowledge of land use, vegetation, treatment, soil condition, soil type and 
antecedent moisture condition. This method may be acceptable for small watersheds. 
  
Runoff Production:     Runoff is produced by one or a combination of three processes: (1) the 
infiltration excess (Horton) mechanism, (2) the saturation (Dunne) mechanism, and (3) the 
subsurface mechanism. In arid and semi-arid regions, the Horton mechanism is the dominant 
mechanism. In humid and subhumid regions, the saturation mechanism is the dominant one. This 
mechanism has led to the concept of partial area or source area contribution. The subsurface 
mechanism is commonly found in forest watersheds. Many watershed hydrology models employ the 
Horton mechanism even though it may not necessarily be the one producing runoff. Some models 
account of all of these mechanisms. 
    
Snowmelt Runoff:     Although snow ablation and snow melting processes are understood 
reasonably well, most models estimate snowmelt runoff empirically using a degree-day method or an 
energy-based method. Snowmelt runoff routing is also done empirically or using the kinematic wave 
method. Sometimes, a unit hydrograph approach is also employed.    
 
Surface Runoff Routing:     This is one of the most investigated processes of the hydrologic cycle. 
As a result, many methods are available and the use of a particular method depends on the 
availability of data. The unit hydrograph and kinematic wave methods are two of the most popular 
methods for transforming the effective rainfall into the surface runoff hydrograph. In some 
watershed hydrology models, diffusion wave and dynamic wave methods have also been employed.  
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Channel Flow:     The channel flow techniques are some of the best developed techniques. Most 
popular are the Muskingum, kinematic wave, diffusion wave, and dynamic wave methods. The 
choice of a particular method depends on the nature of the model and the availability of data. The 
main difficulty in practice lies in not having accurate data on the channel network, especially with 
regard to channel geometry, slope, length, etc. 
  
Interflow:     Although the theory of infiltration and percolation is reasonably well developed, the 
theory of interflow is not. Both lumped and distributed  models have been employed. Lumped 
models, such as a linear reservoir, have been more popular. Distributed models based on the 
kinematic wave theory or Dupuit-Forchheimer theory or its variants have also been used. 
 
Groundwater Flow:     The groundwater flow theory is quite well developed but baseflow is still 
modeled using lumped empirical methods which employ linear reservoirs. Some of the models are, 
however, distributed and are based on the parabolic partial differential equation. For unconfined 
aquifers, the Poisson equation is sometimes used. For confined aquifers, the governing equation is 
usually the Theis equation for unsteady flow and Laplace equation for steady flow.  
 
Stream-Aquifer Interaction:    Stream-aquifer interaction models are well developed 
independently but watershed models seem to have taken limited advantage of their development. 
Most models do not even dwell upon this flow process and assume that flow moves only from 
aquifers to streams, not vice versa. The interaction models are based on systems theory or 
groundwater hydraulics. The systems theory is based on linear reservoirs or linearized parabolic 
partial differential equations.  
 
Water Quality:     Most watershed hydrologic models are water quantity models and do not address 
the attendant water quality. However, the situation has started changing in light of growing public 
concern for environmental quality. As a result, there are some comprehensive watershed hydrology 
models available these days which model water quality variables in considerable detail.  
 

Parameter Estimation:     There are many methods for parameter estimation. Automatic 
calibration, optimization methods, least squares analysis, entropy-based methods, method of 
moments (and its variants), maximum likelihood analysis, and neural networks are some of the 
methods employed for calibration of models. There is, however, no one method that is universally 
employed in all models. The particular bias of the model builder is one reason for such a wide range 
of methods in use. Multi-objective global optimization schemes are being increasingly accepted by 
the hydrologic community.  
 
Goodness of Fit Tests:     The goodness of fit statistics used in most models are based on the 
agreement between model results and observations. In some cases, the models give values of root 
mean squares, bias, relative error, robustness, chi square, etc. However, these statistics do not always 
produce an objective measure of model performance.  
 
Model Validation:     All models are verified using independent sets of data. This is routinely done 
with the use of a split-sample approach. However, what is usually not done is to assess the validity 
of the model in a range of conditions or for a variety of data sets and to delineate limitations for 
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which the model is valid.   
 
Model Error Analysis:     Most models perform little to no error analysis. Thus, it is not clear what 
the model errors are and how different errors propagate through different model components and 
parameters. This is one of the major limitations of most current watershed hydrology models. 
 
Model Reliability Analysis:     There is hardly any watershed hydrology model that performs its 
reliability analysis. Thus, from the standpoint of a user it is not clear how reliable a particular model 
is.  It is, therefore, no surprise that the user runs into a difficulty when selecting a particular model.  
 

FUTURE OUTLOOK 

Mathematical models of watershed hydrology have now become accepted tools for water resources 
planning, development, design, operation and management. It is anticipated that the future will 
witness even a greater and growing integration of these models with environmental and ecological 
management. With growing technologies triggered by the information revolution, remote sensing, 
satellite technology, geographic information systems, visual graphics, and data base management, 
the hydrologic models are getting increasingly more sophisticated and being integrated with other 
process models of which hydrology is construed a part.  
 
The future of watershed hydrology models will be shaped by increasing societal demand for 
integrated environmental management; growing need for globalization by incorporation of 
biological, chemical and physical aspects of the hydrological cycle; assessment of the impact of 
climate change; rapid advances in remote sensing and satellite technology, geographical information 
systems (GIS), data base management systems (DBMS), and expert systems; enhanced role of 
models in planning and decision making; mounting pressure on transformation of models to user-
friendly forms; and clearer statements of reliability and risk associated with model results. 
 
Application of watershed models to environmental management will grow in the future. The models 
will be required to be practical tools-readily usable in planning and decision making. They will have 
to be interfaced with economic, social, political, administrative, and judicial models. Furthermore, 
these models will become more global, not only in the sense of spatial scale but also in the sense of 
hydrologic details.  
 
Watershed hydrology models will have to embrace rapid advances occurring in remote sensing and 
satellite technology, geographical information systems, data base management systems, error 
analysis, risk and reliability analysis, and expert systems. With use of remote sensing, radar and 
satellite technology, our ability to observe data over large and inaccessible areas and to map these 
areas spatially is vastly improved, making it possible to develop truly distributed models for both 
gaged and ungaged watersheds. If watershed hydrology models have to become practical tools, then 
they have to be simple, easy to use with a clear statement as to what they can and what they cannot 
do. They will need to assess the errors and determine how they propagate, define the reliability with 
which they accomplish their intended functions, and require the user to possess only a minimal 
amount of hydrologic training. Furthermore, the models will have to learn from the user as well as 
from empirical experience. Many of these functions can be performed by use of expert systems in 
watershed hydrology modeling.  
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The models will have to be described in simple terms such that the interpretation of their results 
would not tax the ability of the user. They are designed to serve a practical end and their 
constituency is one of users. Although much progress has been made in watershed modeling, there is 
still a long way to go before the models will be able to fully integrate rapidly evolving advances in 
information, computer, and space technology, and become “household” tools. Although much 
progress has been achieved in hydrology, there is a greater road ahead. A basic question is: What 
modeling technology is better? Because of the confusion, the technology developed decades ago is 
still in use in many parts of the world. This state of affairs is partly due to the lack of consensus as to 
the superiority of one type of technology to the other.  
 

CONCLUSIONS 

Many of the current watershed hydrology models are comprehensive, distributed and physically 
based. They possess the capability to accurately simulate watershed hydrology and can be applied to 
address a wide range of environmental and water resources problems. The models are capable of 
simulating not only water quantity but also quality. The technology of model calibration is much 
improved, although not all models have taken full advantage of it. The models are increasingly being 
embedded in larger systems encompassing several disciplinary areas. The technology of data 
collection, storage, retrieval, processing and management has improved by leaps and bounds, and 
has significantly contributed to the development of comprehensive distributed watershed models.  
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GREAT LAKES LARGE BASIN RUNOFF MODEL 

By Thomas E. Croley II, Research Hydrologist, and Chansheng He, Visiting Scientist, 
Great Lakes Environmental Research Laboratory, Ann Arbor, Michigan 

INTRODUCTION 

Agencies concerned with managing water resources of large watersheds, particularly over large 
time intervals, must be able to assess expected hydrology of an area.  Large-scale watershed 
models are required to estimate basin runoff to the Great Lakes for use in long-term routing 
determinations, water resource operation decisions, operational hydrology studies, and long-term 
forecasting.  These models must be designed as continuous-time flow representations for 
assessing water resource questions over the long term (as opposed to flood prediction over the 
short term).  The models must satisfy limited-data requirements, mandated by data availability 
for large areas such as the Great Lake basins.  Allowable data inputs are limited to daily 
precipitation and air temperature.  Also allowed are any data that can be abstracted easily from 
available maps or climatic summaries.  Model concepts must be physically based, so that 
understanding of watershed response to natural forces is facilitated, and so the models are 
economical to use. 

The Great Lakes Environmental Research Laboratory (GLERL) built its Large Basin Runoff 
Model (LBRM) for modeling river systems within the Laurentian Great Lakes Basin.  This 
interdependent tank-cascade model is a lumped-parameter model of runoff at the mouth of a 
watershed and has been tested on the 121 watersheds of the Great Lakes.  It was developed from 
large-scale (climatological) concepts and designed for weekly or monthly volumes of runoff.  
The model consists of water and heat balances, as do other water-budgeting models, but with 
alternative physical interpretations given to its components.  The model is physically based and 
uses climatological considerations not possible with small watersheds.  In particular, 
evapotranspiration losses for large areas may now be considered as a function of readily 
available data.  Analytical solutions are used instead of numerical solutions to bypass associated 
numerical error.  The model is described and applied in an example watershed. 

LARGE BASIN RUNOFF MODEL 

The LBRM is an interdependent tank-cascade model that uses physical concepts outlined in 
Figure 1 (Croley, 2002).  The main feature of this arrangement is that it is described by strictly 
continuous equations; none of the complexities associated with inter-tank flow rate dependence 
on partial filling are introduced.  For a sufficiently large watershed, these nuances are not 
observed due to the spatial integration of rainfall, snowmelt, and evapotranspiration processes.  
Since the solution is analytically tractable, large time steps may be employed without numerical 
error or excessive computational requirements.  The integration of data inputs over large time 
steps may introduce errors that can only be assessed by example applications in the selection of 
the appropriate time step.  However, for large watershed areas, there is some temporal 
integration of inputs that may make the approximation of uniform inputs over each time interval 
inconsequential. 
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The upper soil zone is the void space in 
the surface soil layer to a depth that can 
be considered to control infiltration, 
usually a few centimeters.  The lower 
soil zone is located beneath the upper 
soil zone and above the water table.  The 
groundwater zone is located beneath the 
water table.  These definitions are 
inexact since the water table fluctuates in 
time, implying that these zones are not 
static.  Likewise, all moisture in these 
zones may not be involved in basin 
outflow.  For example, moisture beneath 
the water table is part of the groundwater 
zone only if it is part of the flow toward 
the stream channel network on the 
watershed surface.  Moisture that flows 
from the watershed as groundwater 
movement is not considered part of this 
groundwater zone.  (No provision is 
made for water flowing in or out of the 
watershed as groundwater.)  While the 
location and extent of these zones may 
be poorly defined, conceptually they are 
zones that give rise to flow rates as 
pictured in Figure 1. 

Net Supply:  Precipitation falling onto 
the watershed surface and snowmelt 
constitute the net supply to the 
watershed.  Interception can be 
considered as part of evapotranspiration, 
and surface depression storage is too 
transient for consideration since peak 
flow rates are not of interest.  Both are 
well within the error of measurement for 
average area1 precipitation and are neglected.  Snow accumulation is governed by the concept 
that precipitation under warm air temperatures occurs as rainfall and under cold temperatures as 
snow or ice, which accumulates in the snow pack.  Snow accumulation is thus governed by the 
following concept: 
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Figure 1. Watershed component tank cascade 
 mass balance. 

Insolation
Precipitation
Temperature

Snow Rain

Melt, m

Supply, s

Snow Pack, P

Upper Soil Zone
Moisture, U

Lower Soil Zone
Moisture, L

Groundwater Zone
Moisture, G

Surface Storage,
S

Runoff

Surface
Runoff

sU
C(        )

Evapotranspiration
β e Uu p(          )

Capacity, C

Evapotranspiration
β e Lu p(         )

Evapotranspiration
=~( 0)

Evaporation

Interflow
(      )α Li

Ground
Water
(      )α Gg

Basin Outflow
(      )α Ss

Percolation
(      )α Up

Deep
Percolation

(      )α Ld

=~( 0)

 2



where t =  time (d),  = equivalent water volume present in the snow pack (m3),  = snowmelt 
rate (m3d-1), 

P m
p  = precipitation rate (m3d-1), and T  = air temperature (ºC).  Daily air temperature 

is estimated typically as the average of daily maximum and minimum temperatures.  The 
simplification of allowing melt only during above-zero air temperatures appeared realistic in 
example comparisons for volumetric determinations over the week or month (Croley, 1982a).  
Ignoring evaporation from, and condensation to, the snow pack is justified by the limited data 
requirements for which the model is designed.  The net supply rate is then given as 

 
, 0

0, 0
s p m T

T
= + >
= ≤

 (2) 

where  = net supply rate (m3d-1).  Snowmelt is determined from the simple concept that there 
are no heat additions from which melt could later occur during periods of sub-zero air 
temperatures.  For periods of above-zero air temperatures, snowmelt results from absorbed 
insolation and precipitation.  However, it is constrained by the available snow pack, 
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where pm  = daily potential snowmelt rate (m3d-1)and the zero subscript on snow pack refers to 
its initial value at the beginning of the day (at time zero).  It is given as: 

 
0, 0,
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where = proportionality constant for snowmelt per degree-day (m3 °C-1 d-1]) and  = degree-
days per day (°C d d-1), computed as the integral of air temperature with time over those portions 
of the day when it is above freezing.  Since the fluctuation of air temperature during the diurnal 
cycle is unknown, a triangular distribution is assumed (to approximate an expected sinusoidal 
variation) for ease of computation.  The resulting expression for degree-days is: 

a h
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where  = maximum daily air temperature (°C) and  = minimum daily air temperature 
(°C).  [Note that snowpack heat storage (warming and cooling) are neglected in 

maxT minT
(3)—(5).] 

Infiltration:  At any instant, the net supply rate is divided between surface runoff and 
infiltration.  Surface runoff is proportional to the relative size of the contributing "wetted" area of 
the watershed (partial-area concept), as well as to the net supply rate 

 wAr s
A

=  (6) 
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 f s r= −  (7) 

 

where  = surface runoff rate (m3d-1),  = area of wetted contributing watershed portion (m2), 
 = area of the watershed (m2), and 

r wA
A f  = infiltration rate (m3d-1).  By further approximating the 
relative size of the contributing area as the relative content of the upper soil zone (a good 
assumption for a very thin zone), area1 infiltration becomes 

 1 Uf s
C

⎛= −⎜
⎝ ⎠

⎞
⎟  (8) 

where U  = upper soil zone water volume (m3) and C  = upper soil zone capacity (m3).  Equation 
(8) indicates that infiltration is proportional to the volume remaining in the upper soil zone.  This 
is the basis for Horton's infiltration-capacity relationship at a point (Croley, 1977, pp. 168-170), 
although Horton's model uses volume remaining beneath the point (small area), not over a large 
area.  Equation (8) also indicates that infiltration is proportional to the net supply rate.  This is an 
area1 concept for infiltration that has been empirically verified (Kumar, 1980); it does not work 
for infiltration at a point, which is better described by infiltration-capacity concepts. 

Tank Outflows:  Since hydrograph recessions are described successfully by exponential decay 
relationships (Linsley, Kohler, and Paulhus, 1975, pp. 225-229), the linear reservoir concept is 
deemed appropriate for describing outflow rates from the various storages within the watershed.  
The concept describes an outflow rate as proportional to the storage remaining.  It is expanded 
here to describe basin outflow, percolation, and deep percolation, as well as the traditional 
descriptions of interflow and groundwater flow.  The form of the equation is 

 z Zα=  (9) 

where  = outflow rate from a storage (m3d-1), z α  = linear reservoir constant (d-1), and Z  = 
volume of water in storage (m3).  In (9), Z  is U  and α  is pα  for  equal to percolation; z Z  is 

 (lower soil zone water volume, m3) and L α  is iα  or dα  for  equal to interflow or deep 
percolation, respectively; 

z
Z  is  (groundwater zone water volume, m3) and G α  is gα  for  

equal to groundwater flow; and 
z

Z  is  (surface zone water volume, m3) and S α  is sα  for  
equal to basin outflow.  Small parameter values for a tank outflow imply small releases and large 
storage volumes; large values imply small storages and outflows nearly equal to inflows.  The 
linear reservoir concept is modified when considering evaporation or evapotranspiration 
(evaporation plus transpiration) from any zone of the watershed. 

z

 pe Z eβ=  (10) 

where  = evaporation or evapotranspiration rate (m3d-1), e β  = partial linear reservoir constant 
(m-3), and pe  = rate of evaporation or evapotranspiration, respectively, still possible (m3d-1).  In 
(10), evaporation or evapotranspiration is taken as proportional both to the potential rate, 
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determined from heat balance considerations over the watershed, and to the available water 
volume (reflecting both area1 coverage and extent of supply).  This is in agreement with existing 
climatological and hydrological concepts for evapotranspiration opportunity.  In (10), Z  is U  
and β  is uβ  for e  equal to upper zone evapotranspiration, Z  is  and L β  is βl  for e  equal to 
lower zone evapotranspiration, Z  is G  and β  is gβ  for  equal to groundwater zone 
evapotranspiration, and 

e
Z  is  and S β  is sβ  for e  equal to surface zone evaporation. 

Mass Balance:  By combining (8), (9), and (10) with the definitions given above, a one-
dimensional mass continuity equation may be written for each zone; see Figure 1. 

 1 p u p
d UU s U e U
dt C

α β⎛ ⎞= − − −⎜ ⎟
⎝ ⎠

 (11) 

 p i d p
d L U L L e L
dt

α α α β= − − − l  (12) 

 d g g p
d G L G e
dt

α α β= − − G  (13) 

 i g s s p
d US s L G S e S
dt C

α α α β= + + − −  (14) 

The analytical solutions of (11)—(14) are “continuous”; that is they are amenable to ordinary 
solution techniques.  Furthermore, solutions may proceed for either flow rates or storage 
volumes directly without the complication of constraint consideration.  All derivatives of the 
solutions with respect to individual parameters exist and are continuous; therefore, analytical 
gradient-search procedures are possible in parameter determination.  The solutions are physically 
satisfying; non-negative flow rates and storage volumes are guaranteed with any physically 
plausible set of inputs.  The solution equations are unchanged for other time increments; the 
daily time interval, d, would be simply replaced in the equations.  The net supply and potential 
evapotranspiration are considered to be uniform over the time interval and the choice of time 
interval must assess the validity of this treatment. 

Evapotranspiration:  All incoming heat is considered here to be released by the watershed 
surface by ignoring heat storage and the energy advected by evaporation.  The release consists of 
atmospheric heating (composed of short-wave reflection, net long wave exchange, sensible heat 
exchange, net atmospheric advection, and net hydrospheric advection), snowmelt and 
evaporation-evapotranspiration (referred to herein jointly as evapotranspiration).  At any instant, 
the evapotranspiration rate is proportional to the amount of water available as in (10) (reflecting 
both areal coverage and extent of supply), and to a “potential” rate, , associated with the non-
latent heat released to the atmosphere (atmospheric heating), 

pe
dH dt  (Croley, 1982b): 

 ( )p w v
dHe
dt

ρ γ=  (15) 
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where vγ  = latent heat of vaporization (596 - 0.52 T  cal g-1) and wρ  = density of water (106 g 

).  Potential evaporation is the evaporation that would occur if adequate moisture were 
available.  It is often taken as the amount expected from an open water surface and is used as an 
estimate of potential evapotranspiration over land and vegetative surfaces (Gray, 1973, pp. 339-
353).  Very often, engineering calculations of potential evapotranspiration use climatic indicators 
of temperatures, wind speeds, humidities, etc., by assuming that these quantities are independent 
of the actual evapotranspiration that does occur.  This is adequate for estimates over small areas 
where evapotranspiration has only a small effect on these quantities.  However, over a large area, 
climatological observations suggest that actual evapotranspiration affects these quantities and 
hence affects potential evapotranspiration (evapotranspiration opportunity or capacity); the heat 
used for evapotranspiration reduces the opportunity for additional evapotranspiration 
(complementary evapotranspiration and evapotranspiration opportunity concept).  Morton (1965) 
made use of this concept to compute regional evapotranspiration from climatological 
observations.  Witherspoon (1970) used an approximation of Morton's work to compute basin 
evapotranspiration in a flow model for Lake Ontario.  Bouchet (1963) postulated that the 
potential evapotranspiration energy is the absorbed insolation less the energy used for regional 
evapotranspiration. 

-3m

This concept is modified here for a smaller-than-regional scale by considering that a portion of 
the net heat balance after absorbed insolation is available for either potential or actual 
evapotranspiration.  That is, part of it is used in evapotranspiration and the rest of it determines 
the potential evapotranspiration.  Thus, the total heat available for evapotranspiration over a day 
is composed of the heat actually used for evapotranspiration and that used for atmospheric 
heating. 

 ( )w v u g sH E E E EΨ ρ γ= + + + +l  (16) 

where Ψ  = total heat available for evapotranspiration during the day (cal) and  = non-latent 
heat released to the atmosphere during the day (cal).  The value of 

H
pe  is determined by 

simultaneous solution of (11)—(14) and the following complementary relationship between 
actual evapotranspiration and potential evapotransipiration, derived from (15) and (16): 

 ( ) ( )
d

0 p u g s p w ve U L G S e dtβ β β β Ψ ρ γ⎡ + + + + =⎣∫ l
⎤⎦  (17) 

The evaporation from stream channels and other water surfaces (surface zone) in a large basin is 
very small compared to the basin evapotranspiration; groundwater evapotranspiration is also 
taken here as being relatively small.  By taking pe  as uniform over the day and ignoring 
evapotranspiration from the surface and groundwater zones, (17) yields: 

 1
d 1p

w v u
e

U L
Ψ

ρ γ β β
≅

+ + l

 (18) 

where U  = average water volume in the upper soil zone (m3) over the day and L  = average 
water volume in the lower soil zone over the day (m3).  As expected, both potential and actual 
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evapotranspiration depend upon the available water supply.  If the water supply is large, actual 
evapotranspiration approaches the limit of the water supply or w vΨ ρ γ  and potential 
evapotranspiration approaches zero.  If the water supply is small, actual evapotranspiration 
approaches zero and potential evapotranspiration approaches w vΨ ρ γ  (Croley, 1982b). 

The determination of Ψ  from observable meteorological variables is difficult (recall the 
limitation to daily precipitation and air temperature).  Daily air temperature is taken here as an 
integrated reflection of the portion Ψ  of the remaining heat balance after absorbed insolation.  
This concept is satisfying in that air temperature is considered an indicator of the heat balance, 
rather than an independent variable in the determination of potential evaporation as is done 
classically.  At low temperatures, it is expected that Ψ  is small since potential and actual 
evapotranspiration are low at low temperatures.  Over the daily cycle, this energy is rarely 
negative (net condensation) and is considered here as strictly positive.  The heat available for 
evapotranspiration is estimated empirically from the average air temperature as follows: 

 ( )exp bk T TΨ =  (19) 

where  = proportionality constant (cal), and  = a base scaling temperature (°C).  The 
constant, , is determinable from the following boundary constraint on the long-term heat 
balance: 

k bT
k

 ( )di i i w fmΨ σ ρ γ= −∑ ∑  (20) 

where σ  = daily solar insolation at the watershed surface (cal d-1), fγ  = latent heat of fusion 
(79.7 cal g-1), and the subscript, , refers to daily values.  Equation i (20) conserves energy in that 
all insolation not used for snowmelt appears sooner or later as other components of the heat 
balance that determine Ψ .  Daily insolation at the surface of the watershed may be estimated 
from extraterrestrial radiation and cloud cover: 

 ( )1 210000A b b xσ τ= +  (21) 

where τ  = cloudless daily insolation (langleys d–1) available in standard climatological 
summaries as a function of latitude and time of the year,  and  = empirical constants, and 1b 2b x  
= daily ratio of hours of bright sunshine to maximum possible hours of bright sunshine, 
estimated from daily air temperatures (Gray, 1973).  In the absence of cloud cover data, x  may 
be estimated (Crawford and Linsley, 1966, p. 50) from 

 ( )max minMIN /15, 1.0x T T⎡ ⎤= −⎣ ⎦  (22) 

There were several alternatives to the “heat balance,” used here to compute snowmelt and 
evapotranspiration, considered early in the model development, but they were impeded by the 
limited-data design objectives.  Comprehensive heat balances that considered all advection terms 
through control volumes defined over the upper soil zone or upper and lower soil zones were 
written in the early modeling.  Net long-wave radiation transfer and sensible heat transfer were 
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estimated directly by using empirical relations.  These relations required unavailable data, which 
were estimated based on engineering judgment.  Freezing of the upper soil zone, snowpack and 
ice formation and decay, and Penmann's potential evapotranspiration were all computed as part 
of these comprehensive heat balances.  The net supply and evapotranspiration models presented 
here resulted in a two-fold improvement in modeling over these earlier efforts (Croley, 1982a), 
as measured by the root mean square error of model output (basin outflow).  Presumably, these 
models are superior because of their limited data requirements.  Also, the use of air temperatures 
as an indicator of what has occurred in the watershed is superior to its use as an independent 
variable in computing potential evapotranspiration and net supply.  This change in perspective is 
fundamental to modeling large-scale watershed hydrology from a climatological viewpoint. 

APPLICATION 

GLERL developed, calibrated, and verified conceptual model-based techniques for simulating 
hydrological processes in the Laurentian Great Lakes (including Georgian Bay and Lake St. 
Clair, both as separate entities).  They integrated the models into a system to estimate lake levels, 
whole-lake heat storage, and water and energy balances for forecasts and for assessment of 
impacts associated with climate change (Croley, 1990, 1993a,b; Croley and Hartmann, 1987; 
Croley and Lee, 1993; Croley et al., 1998; Hartmann, 1990).  During the application process, 
experience was gained that may benefit others who would apply the LBRM to large basins. 

Data Preparation:  For application of the LBRM to a very large drainage basin (such as that 
associated with a Great Lake), the basin is first divided into watersheds with areas of between 
120—20000 km2 (there are 121 watersheds in the entire Great Lakes basin); most are between 
1000—5000 km2.  The following input data are required to apply the model: daily precipitation, 
daily minimum and maximum air temperatures, a standard climatological summary of daily 
extraterrestrial solar radiation and empirical constants (  and ), and for comparison purposes, 
daily basin outflows.  Conversion of units for precipitation from inches per day or centimeters 
per day to cubic meters per day and for insolation [see 

1b 2b

(20)] from langleys per day to calories per 
day involves the area of the watershed.  The meteorological data from stations about and in a 
watershed are combined through Thiessen weighting to produce areally-averaged daily time 
series of precipitation and minimum and maximum air temperatures for each watershed.  In past 
determinations of water supply effects from climate change scenarios (Croley, 1990, 1992, 
1993a; Hartmann, 1990), GLERL used about 1,800 meteorological stations for overland 
precipitation and air temperature (about 15 per watershed or approximately 1 per 70 km2).  
Recent experience (Croley and Hartmann, 1987; Croley et al., 1998) also suggests that 5-30 
stations per watershed for overland meteorology is sufficient for operation of the LBRM at daily 
time intervals.  Thiessen weights are determined for each day of record, if necessary, since the 
data collection network changes frequently as stations are added, dropped, and moved or fail to 
report from time to time.  This is feasible through the use of an algorithm for determining a 
Thiessen area-of-influence about a station by its edge (Croley and Hartmann, 1985).  Flow 
records of all “most-downstream” flow stations are combined by aggregating and extrapolating 
for ungaged areas to estimate the daily runoff from each watershed.  Daily basin outflow is 
reported in either cubic feet per second or cubic meters per second and is converted to cubic 
meters per day.  Then, the LBRM may be applied in a “distributed-parameter” application by 
combining model outflows from each of the watersheds to produce the entire basin runoff. 
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There are five variables to be initialized prior to modeling: , U , , G , and  as , , , 
, and , respectively.  While the initial snow pack, , is easy to determine as zero during 

major portions of the year, these variables are generally difficult to estimate.  If the model is to 
be used in forecasting or for short simulations, then it is important to determine these variables 
accurately prior to use of the model.  They may be taken as the values at the end of a previous 
model run, preceding the time period of interest, for forecasting uses of the model.  If the model 
is to be used for calibration or for long simulations, then the initial values are unimportant.  The 
effect of the initial values diminishes with the length of the simulation and after 1 or more years 
of simulated results, the effects are absent from a practical point of view.  Calibrations should be 
repeated with initial conditions equal to observed long-term averages until there is no change in 
the averages to avoid arbitrary initial conditions when their effects do not diminish rapidly. 

P L S 0P 0U 0L

0G 0S 0P

Model Use:  Since a change in C  can be exactly compensated (in terms of intrabasin flows and 
evapotranspiration) by other parameter changes, C  is set arbitrarily to 2 cm over the watershed 
surface.  However, C  affects all tank storage volumes and should be determined if boundary 
conditions on soil moisture (or other storage volumes) are available.  Note also that gβ  and sβ  
are taken as zeroes since evaporation from the surface and evapotranspiration from the 
groundwater zone are small relative to evapotranspiration for the upper and lower soil zones; see 
Figure 1.  Finally, empirical coefficients  and  are taken from available climatological 
summaries. 

1b 2b

GLERL calibrated the LBRM for each Great Lakes watershed with 30 years of daily weighted 
climatologic data.  The nine parameters are determined (Croley, 2002) by searching the 
parameter space systematically, minimizing the root mean square error between model and 
actual outflows for each parameter, selected in rotation, until all parameters converge within two 
or three significant digits.  Comparisons with other runoff models (Croley, 1983a) and 
climatology (Croley, 2002) show the LBRM is superior for large basins. 

The LBRM captures “realism” in its structure with several advantages over other models.  Basin 
storages, modeled as “tanks,” are automatically removed as respective parameters approach their 
limits.  Thus, the structure of the model changes within a calibration.  This is achieved without 
the use of “threshold” parameters in the model since physical concepts are used which avoid 
discontinuities in the goodness-of-fit as a function of the parameters; these concepts appear 
especially relevant for large-basin modeling.  Because the “tanks” relate directly to actual basin 
storages, initialization of the model corresponds to identifying storages from field conditions 
which may be measured; interpretations of a basin’s hydrology then can aid in setting both initial 
and boundary conditions.  The tanks in Figure 1 may be initialized to correspond to 
measurements of snow and soil moisture water equivalents available from aerial or satellite 
monitoring. 

EXAMPLE APPLICATION 

The Lake Superior Basin, above the locks at Sault Ste. Marie, drains about 130,000 km2 of 
Ontario, Minnesota, Wisconsin, and Michigan.  It is divided into 22 watersheds for use with the 
LBRM (see Figure 2).  Watershed boundaries are based on state hydrologic unit maps from the 
U.S. Geological Survey (USGS) for Michigan, Wisconsin, and Minnesota, and on drainage basin 
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map overlays from the 
Water Resources Branch of 
the Inland Waters 
Directorate of Environment 
Canada for Ontario.  
Watersheds not draining 
directly into Lake Superior 
were combined with those 
into which they drained so 
that all resulting 
watersheds have a direct 
outlet to the lake. 

Meteorological Data:  
Meteorological data for 
stations in the United 
States are from the 
National Climatic Data 
Center, National 
Environmental Satellite 
Data and Information Service, NOAA.  In Canada, data are from the Canadian Climate Centre, 
Atmospheric Environment Service, Environment Canada.  For each day of available data, all 
meteorological stations with no missing data for that day were used to compute all Thiessen 
weights, which in turn were used to weight available meteorological data to determine daily 
watershed spatial averages.  In the event that no stations have data on a given date, then the 
average value of the weighted data on the corresponding day-of-the-year for all available years 
of record was used to fill in.  Thus there are no missing data values (and there must not be) in the 
meteorological data files prepared for use with the LBRM and its calibration.  A daily 
meteorological data set for the entire Lake Superior basin (land area) was constructed by 
multiplying each areal-average daily data value from each watershed by the corresponding 
watershed area, summing all weighted values for the entire basin (from all watersheds being 
used), and dividing by the sum of the drainage areas actually used.  The areal-averaged daily air 
temperatures and precipitation for each watershed are more than 99-percent complete.  Also, 
values of average mid-monthly daily short-wave radiation received on a horizontal position of 
the earth’s surface under cloudless skies and the coefficients in (21)were taken from Gray (1973; 
pp. 3.11—3.16). 

Figure 2.  Lake Superior watershed map. 

Hydrological Flow Data:  All “most-downstream” stream flow gages are used with their 
drainage areas as given by the USGS or Inland Waters Directorate, while the total area in each 
watershed is based on the state hydrologic unit maps and drainage basin map overlays, discussed 
previously.  Relative drainage areas for all flow gages were determined by dividing each gaged 
area by the total area of the watershed.  All hydrological stations within a given watershed (non-
overlapping drainage areas) whose records contain no missing data, for each day in question, 
were used to determine the watershed outflows into Lake Superior for that day.  This aggregation 
for each day was accomplished by adding data values from each gage within the watershed and 
dividing by the sum of the relative drainage areas for the gages actually used, to extrapolate for 

 10



the entire watershed area.  
Thus, missing data at a given 
gage were effectively “filled-
in” by using data at nearby 
gages within the same 
watershed. 

Model Application:  The 
Large Basin Runoff Model is 
programmed in FORTRAN 
95; source code and example 
data sets are available over 
the World Wide Web at 
http://www.glerl.noaa.gov/wr/
lbrmexamples.html.  The 
modeled watershed outflow 
and the measured flow are 
presented for comparison in 
Figure 3 for all Lake Superior watersheds, aggregated together.  The surface zone storage half-
life is 8.8 d and is larger than the Lake Ontario basin half-life (Croley, 1983b) and may reflect 
the boggy, swampy nature of much of the Lake Superior basin.  The groundwater zone storage 
half-life for Lake Superior is 34.6 w and is almost an order of magnitude less than the 
groundwater zone storage half-life for Lake Ontario, and may reflect the presence of the 
Precambrian shield under much of the Lake Superior basin.  The upper soil zone storage half-life 
of 7.6 h is smaller than that for the Lake Ontario basin, while the lower soil zone half-life is 
about the same at 8.2 w.  This may imply that, for the Lake Superior basin, a single soil zone 
may be adequate to model the basin response.  This is also consistent with the general structure 
of the Lake Superior basin—a thin layer of soil over bedrock. 

Flow  (cm/w k)

0.00

0.50

1.00

1.50

2.00

2.50

3.00

Jan-73 Jan-74 Jan-75 Jan-76

Actual

Model

Figure 3.  Monthly total LBRM Lake Superior basin runoff.

SUMMARY 

The Large Basin Runoff Model developed at GLERL is an accurate, fast model of weekly or 
monthly (derived from daily) runoff volumes from Great Lakes watersheds; it has relatively 
simple calibration and data requirements.  Parameters have physical significance and calibrated 
values appear reasonable.  The net supply and evapotranspiration sub models offer limited data 
requirements.  The Lake Superior applications illustrate spatial integration effects on model 
resolution and filtering of both information and data errors consequent with these applications.  
The distributed-parameter is marginally better than the lumped-parameter application.  The 
lumped application yielded a correlation with observed daily flows of 0.84 and the distributed 
application yielded a correlation of 0.88.  Applications of the model to watersheds about Lake 
Superior show good-to-exceptional agreement with available flow data where flows are natural 
and unregulated; applications to watersheds with regulated flows varied from poor to good. 
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Abstract 
 
Senate Bill 1 (SB1), passed by the Texas Legislature in 1997, required the Texas Natural 
Resource Conservation Commission (TNRCC) to develop water availability models for 22 of 23 
river basins in Texas.  Although the State of Texas, specifically the TNRCC and its predecessor 
agencies, have completed various forms of water availability models over the last several 
decades, the passing of SB1 began a new phase of water availability modeling in Texas.  The 
goal of SB1 was to create water availability models that are more comprehensive and reliable, 
have better documentation and are more standardized than the older models.  Reliability tables 
are developed from the modeling results for each of the water rights to allow each water right 
holder to ascertain the reliability of their water right during drought and normal conditions.  The 
TNRCC utilizes the models to grant water rights in the basins that have unappropriated water. 
 
The TNRCC has established general procedures to be used in all river basins to allow the models 
to be standardized.  The Water Rights Analysis Package (WRAP) computer model, developed at 
Texas A & M University, was used for the actual water availability calculations.  Data required 
by WRAP includes naturalized flows, evaporation and area-capacity data for major reservoirs 
(>5,000 acre-feet), water rights information, connectivity of water right locations and drainage 
areas for each water right.  Naturalized flows are the flows that would have occurred in the 
absence of human activities such as reservoir development, water diversions and return flows.  
The WRAP model incorporates the Prior Appropriation Doctrine (Texas water law) in its 
simulation routines and balances available water in terms of streamflows against the specified 
demands of diversions and storage amounts of existing water rights.   
 
The primary focus of this paper is the development of the water availability model for the Red 
River Basin in Texas.  The entire Red River Basin encompasses portions of New Mexico, Texas, 
Oklahoma, Arkansas and Louisiana.  The Red River Basin in Texas is surrounded by the 
Canadian River Basin to the north (in the Panhandle of Texas) and the Brazos, Trinity and 
Sulphur River Basins to the south.  There are 271 separate water rights and 24 major surface 
water reservoirs located within the Red River Basin in Texas.   
 
The Red River Basin presented the TNRCC with the unique challenge of modeling the Red 
River Compact.  The Red River Compact is an interstate agreement between Texas, Oklahoma, 
Arkansas and Louisiana.  The Compact divides the Red River Basin into five reaches.  Reaches 
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IV and V were not included in the model because these reaches contribute to the Red River 
downstream of Texas and thus do not effect the available water in Texas.  Reaches I through III 
were modeled with a variety of options that are available in WRAP, including instream flow 
requirements, naturalized flow percentage reductions, target options and the drought index.  
Modeling assumptions made for the Red River Compact are based on model features and may 
not necessarily reflect the full terms and conditions of the Compact.   This paper describes these 
options and how each was used to model the available streamflow between the four states. 
 

INTRODUCTION 
 
Background 
 
The water availability model for the Red River Basin developed for TNRCC was completed in 
December 2001.  The Red River Basin encompasses portions of Texas, Oklahoma, Arkansas, 
and Louisiana.  The basin has a total drainage area of approximately 94,450 square miles (sq. 
mi.), of which 73,671 sq. mi. actually contributes to flows.  In Texas, the Red River Basin has a 
total drainage area of approximately 31,567 sq. mi. and a contributing drainage area of 25,631 
sq. mi (Texas Water Development Board (TWDB), 1997).   The Red River in Texas has eight 
major tributaries: Prairie Dog Town Fork, North Pease River, Middle Pease River, South Pease 
River, Wichita River, Little Wichita River, North Fork River and Salt Fork River. 
 
There are 271 separate existing water rights located within the Red River Basin in Texas.  The 
total authorized diversion amount for these water rights is approximately 642,933 ac-ft/yr as 
shown in Table 1. 
 

Table 1.  Water Rights in the Red River Basin 
Use Authorized Diversion 

(ac-ft/yr) 
Municipal 325,639 
Industrial 110,089 
Irrigation 178,773 
Other 28,432 
Total 642,933 

 
There are 24 major surface water reservoirs in Texas within the Red River Basin, the majority of 
which are water-supply reservoirs that have the potential to supply a total of over 555,000 acre-
feet per year (ac-ft/yr).  Permitted conservation storages for these major reservoirs range from 
5,005 to 2,722,000 acre-feet (ac-ft).  The Red River Basin’s total permitted conservation storage 
in Texas is 3,951,882 ac-ft. 
 
The Red River Compact is an interstate compact between Texas, Oklahoma, Arkansas and 
Louisiana.  The portion of the Red River Basin considered in the compact includes all of the 
natural drainage area of the Red River and its tributaries east of the New Mexico-Texas state 
boundary and above its junction with Atchafalaya and Old Rivers.  The Red River Compact 
divides the Red River Basin into five reaches.  Reach I includes the Red River and tributaries 
from the New Mexico-Texas state boundary to Denison Dam (Lake Texoma).  Reach II is the 
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Red River from Denison Dam to the point where it crosses the Arkansas-Louisiana state 
boundary and all tributaries that contribute to the flow of the river within this reach.  Reach III 
includes the tributaries west of the Red River that cross the Texas-Louisiana state boundary, the 
Arkansas-Louisiana state boundary, and those which cross both the Texas-Arkansas state 
boundary and the Arkansas-Louisiana state boundary.  Reach IV is comprised of the tributaries 
east of the Red River in Arkansas that cross the Arkansas-Louisiana state boundary.  Reach V is 
the portion of the Red River and tributaries in Louisiana not included in Reach III or Reach IV 
(Red River Compact, 1978).  These reaches are illustrated in Figure 1. 
 
Modeling Procedures 
 
Water availability calculations were performed for the TNRCC using the WRAP model, 
developed at Texas A & M University (Wurbs, 2001).  The WRAP model incorporates the Prior 
Appropriation Doctrine (Texas Water Law) and was selected by TNRCC in 1998 to simulate the 
water availability in Texas.  WRAP utilizes monthly time steps, naturalized streamflows, 
historical hydrologic river basin characteristics and specific water right information to determine 
the available water.  The model performs a sequential monthly water volume accounting 
computation by determining if TNRCC permitted water diversions can be made at a particular 
location during a specified hydrologic period of analysis under given historic hydrologic 
conditions.  The model is set up to allow water rights that have seniority to have the first right of 
diversion (“first in time, first in right”). 
 
Naturalized streamflows are the flows that would have occurred in the absence of human 
activities such as reservoir development, diversions and return flows.  Naturalized flows are used 
as input in WRAP so that historical diversions, impoundments and return flows can be applied to 
determine the amount of water that is available.  Naturalized streamflows were developed for 
selected United States Geological Survey (USGS) gage locations as well as specific reservoir 
sites in the Red River Basin for each month over a 51-year historical period of record (1948-
1998).  This period of record was selected because sufficient data are available to make the 
modeling effort reliable and there were numerous droughts periods including 1951-1956, 1963-
1964, 1965-1967, 1980, 1984, 1988 and 1996.  The locations where naturalized streamflows 
were developed are called primary control points that describe the spatial configuration of the 
river basin. 
 
The specific steps taken to develop the water availability model for the Red River Basin were to 
collect, analyze and compile data needed for input into WRAP (DECEMBER, 2001).  Data 
required for input into the model include primary and secondary control points, naturalized 
flows, classified stream segments, evaporation, water rights information, reservoir area-capacity 
curves, return flows for facilities permitted above 1 million gallons per day (MGD), locations of 
water rights and return flows and water use demand patterns.   
 
The principal results from the water availability analyses are: 
 
• Reliability of existing water rights 
• Monthly estimates of unappropriated water that would be available for diversion and/or 

storage. 
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The results of the water availability analysis performed for varied cancellation and reuse policies 
satisfies the requirements of SB1.  The complete water availability results for existing water 
rights in the Red River Basin are available from the TNRCC. 
 

RED RIVER COMPACT MODELING  
 
Reach I 

Subbasin 1 
 
Reach I is subdivided into four subbasins.  Subbasin 1 includes the Texas portion of Buck Creek, 
Sand (Lebos) Creek, Salt Fork Red River, Elm Creek, North Fork Red River, Sweetwater Creek 
and Washita River, together with all their tributaries in Texas which lie west of the Texas-
Oklahoma state boundary (see Figure 1).  The Red River Compact states that the annual flow 
within this subbasin is apportioned 60 percent to Texas and 40 percent to Oklahoma.  This was 
modeled within WRAP by externally dividing the naturalized flow proportionally.  Only 60 
percent of the naturalized flow calculated for each primary control point in Texas (within 

Reach I 

Reach II 
 Reach III  

Reach V  

Reach IV  

Figure 1 
RED RIVER BASIN 
RED RIVER COMPACT COMMISSION 
ENGINEERING ADVISORY COMMITTEE 
May 12, 1978 

Kansas 
aOklahom
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Subbasin 1) was input into the WRAP model  Therefore, water rights in Subbasin 1 only had 
access to 60 percent of the naturalized flow generated in Texas. 

Subbasin 2 
 
Subbasin 2 within Reach I contains all of the tributaries of the Red River in Oklahoma and 
portions thereof from Denison Dam upstream to the Texas-Oklahoma state boundary (see Figure 
1).  The Red River Compact states that Oklahoma has free and unrestricted use of the water 
within this subbasin.  For this reach, it was assumed that the State of Oklahoma does not use 100 
percent of this flow.  Allowing no flow from Oklahoma from Subbasin 2 would not represent 
actual conditions.  The Oklahoma portion of the historical period of record for gages on the Red 
River was used to estimate “realistic” flows into the Red River from Oklahoma for Subbasin 2.  
For the purpose of determining the amount of water that Oklahoma contributes to each of the 
gages on the Red River, a drainage area ratio was developed.  Drainage area ratios between 
Texas and Oklahoma are shown in Table 2.  Drainage areas were determined using USGS 
Hydrologic Unit Code (HUC) watersheds, and the ratios of monthly flows from Oklahoma and 
Texas were calculated.   
 

Table 2.  Drainage Area Division for Texas and Oklahoma 
Control Point USGS Gage Drainage 

Area in OK 
Total Drainage 

Area 
Drainage Area 

in OK (%) 
Drainage Area 

in TX (%) 

RR_BB 07308500 4,294.92 20,570 20.88 79.12 
RR_TR 07315500 7,298.58 28,732 25.40 74.60 
RR_GA 07316000 8,580.03 30,782 27.87 72.13 
RR_CB 07332000 16,570.25 39,777 41.66 58.34 
RR_AC 07335500 20,579.17 44,531 46.21 53.79 
RR_IN 07337000 23,096.64 48,030 48.09 51.91 

 
Historical flows calculated for Oklahoma could not be added to the naturalized flow developed 
for the Texas portion of the Red River and input into WRAP.  If these flows were added together 
and input as inflow for each primary control point, the model would distribute the total to all 
secondary control points associated with each primary gage.  This distribution allows all water 
rights in that subwatershed to have access to the historical flow from Oklahoma.  The water 
rights located in Texas (not on the Red River) should not have access to these flows.   
 
The flows from Oklahoma were input into WRAP through the Flow Adjustments (FA) Records.  
The FA Record allows additional inflows that vary on a monthly and yearly basis, to be added in 
a time-series of data for each of the secondary control points along the Red River.  Therefore, the 
model will only allow the water rights that are located on the Red River to have access to the 
naturalized streamflow calculated for Texas as well as the historical flow from Oklahoma.   

Subbasin 3 
 
Subbasin 3 within Reach I includes the tributaries of the Red River Basin in Texas from Denison 
Dam upstream to and including Prairie Dog Town Fork Red River (See Figure 2).  The Red 
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OKLAHOMA
SUBBASIN contributing noncontributing
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River Compact states that Texas has free and unrestricted use of the water in this subbasin.  For 
this subbasin, the model will have no restrictions on water right diversions resulting from the 
Red River Compact.  

Subbasin 4 
 
Subbasin 4 within Reach I is the mainstream of the Red River and Lake Texoma.  The Red River 
Compact states that Oklahoma and Texas are apportioned 200,000 acre-feet each, these 
quantities include existing allocations and uses.  Additional quantities are allocated as 50 percent 
to both Texas and Oklahoma.  This subbasin is modeled within WRAP using the current 
allocated water from Lake Texoma for Oklahoma and Texas.  Since Texas and Oklahoma do not 
have water right allocations in excess of 200,000 ac-ft each, there is no restriction placed on 
diversions for either state.  Therefore, there is also no 50/50 split of additional diversions 
modeled.  The permitted water right diversions from Oklahoma total 5,278 ac-ft/yr.  This amount 
of water is divided into a monthly basis and diverted from the secondary control point located on 
Denison Dam; therefore, representing water use from Lake Texoma from the State of Oklahoma.   
 
Reach II 

Subbasin 1 
 
Reach II is subdivided into five subbasins.  Subbasin 1 is completely within Oklahoma and flows 
into Subbasin 5 and then into the Red River at the Texas-Oklahoma state boundary downstream 
of Denison Dam.  The five subbasins within Reach II are shown in Figure 3.  The Red River 
Compact allows Oklahoma unrestricted use of the water within Subbasin 1 that would eventually 
flow into the Texas portion of the Red River.  For a more accurate representation of flow 
entering Red River from Oklahoma, the historical flows from Oklahoma were used in the WRAP 
model (similar to that described in Reach I, Subbasin 2).  The historical flows were again divided 
by drainage area and input into WRAP at the secondary control points along the Red River 
downstream of Denison Dam (See Figure 2).   

Subbasin 2 
 
Subbasin 2 within Reach II includes those streams and their tributaries above certain existing and 
authorized or proposed damsites, wholly in Texas and flowing into the Red River downstream of 
Denison Dam and upstream of the Texas-Arkansas state boundary.  The Red River Compact 
states that Texas has free and unrestricted use of the water in this subbasin.  For this subbasin, 
the model will have no restrictions on water right diversions resulting from the Red River 
Compact. 

Subbasin 3 
 
Subbasin 3 within Reach II includes Little River and its tributaries above Millwood Dam in 
Arkansas.  This subbasin is located entirely within Oklahoma and Arkansas.  The Red River 
Compact states that Oklahoma and Arkansas will have free and unrestricted use of the water in 
this subbasin.  However, streamflow will be used at a downstream location to determine the 
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diversion curtailment for Subbasin 5.  Therefore, the assumption is made that the historical 
record is an appropriate estimation of streamflow from this subbasin.  The streamflow in this 
subbasin flow from Oklahoma and Arkansas through Millwood Lake and eventually cross the 
Arkansas-Louisiana state line.  This is the location that was used to trigger the diversion 
curtailment in Subbasin 5 and is discussed in detail in the Subbasin 5 section. 

Subbasin 4 
 
Subbasin 4 within Reach II consists of those streams and their tributaries above certain existing 
authorized and proposed damsites, originating in Texas and crossing the Texas-Arkansas state 
boundary.  Subbasin 4 is primarily composed of the Sulphur River Basin in Texas.  The Red 
River Compact states that Texas has free and unrestricted use of the water within this subbasin.  
The WAM for the Sulphur River Basin was completed in 1999 and allowed no restrictions for 
water diversions due to Red River Compact issues.  The regulated flow (or unappropriated flow) 
from the most downstream control point in the Sulphur WAM was used as input for the flow 
from the Sulphur River into Louisiana.  These flows were input into WRAP using the FA Record 
at a secondary control point at the confluence of the Sulphur River and Red River in Louisiana.   

Subbasin 5 
 
Subbasin 5 within Reach II is the portion of the Red River including its tributaries, from Denison 
Dam down to the Arkansas-Louisiana state boundary (See Figure 3).  The Red River Compact 
states that the Signatory States (Texas, Oklahoma, Arkansas and Louisiana) have equal rights to 
the use of runoff originating in this subbasin and undesignated water flowing into this subbasin, 
provided that the flow of the Red River at the Arkansas-Louisiana state boundary is 3,000 cubic 
feet per second (cfs) or more.  No state is entitled to more than 25 percent of the water in excess 
of 3,000 cfs.  For this modeling effort, it is assumed that no state uses more than 25 percent of 
the water in excess of 3,000 cfs.  Further restrictions for Subbasin 5 are as follows: 
 

1. Whenever the flow of the Red River at the Arkansas-Louisiana state border is less than 
3,000 cfs but more than 1,000 cfs, Arkansas, Oklahoma and Texas shall allow water 
equal to 40 percent of the total weekly runoff originating in Subbasin 5 and 40 percent of 
the undesignated water flowing into Subbasin 5 to flow into the Red River for delivery to 
Louisiana. 

2. Whenever the flow of the Red River at the Arkansas-Louisiana state border falls below 
1,000 cfs, Arkansas, Oklahoma and Texas shall allow water equal to all the weekly 
runoff originating in Subbasin 5 and all the undesignated water flowing into Subbasin 5 
to flow into the Red River as required to maintain a 1,000 cfs flow at the Arkansas-
Louisiana state boundary. 

3. Reservoirs within Subbasin 5 with a conservation storage capacity of 1,000 acre-feet or 
less in existence or authorized on the date of the Red River Compact shall be exempt 
from all previous restrictions mentioned above for Subbasin 5.  These reservoirs will 
have access to 100 percent of the regulated flow.   

 
The restrictions imposed on Subbasin 5 of Reach II, based on the flow at Red River at the 
Arkansas-Louisiana state border, were modeled by allowing WRAP to evaluate the regulated  
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flow at the secondary control point located at the Arkansas-Louisiana border (AL).  The 
regulated flow is the actual streamflow calculated at each control point.  The regulated flow at 
control point AL is calculated within WRAP by adding the following flows: 
 

• Regulated flow at the upstream control point (RR_IN), this is the last control point that 
has any water rights associated with it, 

• Flow from the Oklahoma and Arkansas contributing area above Millwood Dam input at 
the secondary control point at the confluence of Little River and Red River in Arkansas 
(Subbasin 3) using FA Records, 

• Flow from the Sulphur River Basin input at the secondary control point at the confluence 
of the Sulphur River and Red River (Subbasin 4) using FA Records, 

• Flow from the contributing area between the three control points listed above and AL 
(this flow is calculated based on a drainage area ratio and input into the AL control point 
with FA Records). 

Subbasin 5 Modeling Recommendations  
 
The restrictions imposed on the water rights within Subbasin 5, due to the Red River Compact, 
were modeled by combining several options within WRAP.  The Instream Flow Requirement 
(IF) Record within WRAP allows a minimum regulated flow rate to be specified at a control 
point location.  The drought index function allows instream flow requirements to be specified as 
a function of the storage content in a specified reservoir.  The Target Options (TO) Record 
allows diversions and instream flow requirements to be defined as a function of naturalized, 
regulated, or unappropriated streamflow at specified control points or reservoir storage at 
specified reservoirs.  The following discussion will describe how the IF Record, drought index 
option, and TO Record were used to model these restrictions within Subbasin 5. 
  
Instream flow requirements were set for each of the restricted water rights at their diversion 
locations in Subbasin 5.  There are 43 water rights within Subbasin 5 that could be affected by 
these restrictions.  The instream flow requirement was then reset to zero so that the curtailment 
of diversion only affects that specific water right.  This is accomplished by placing an IF Record 
before and after the Water Right (WR) Record in the WRAP input deck with the same priority as 
the water right for each of the affected water rights.  Therefore, the instream flow requirement is 
initiated, the water right is allowed to divert based on the amount in the river, and then the last 
instream flow requirement resets to zero.  This process is repeated for each of the affected water 
rights.  The TO Record is used to set the initial instream flow requirement to 40 percent of the 
naturalized flow at that point (water right’s authorized diversion location).  Each of the initial 
instream flow requirements was associated with a drought index reservoir.  The monthly 
regulated instream flow targets was adjusted by multiplying by a drought index factor.  This will 
allow the instream flow requirement assigned at that point to fluctuate as a function of the 
beginning of the month storage content in the specified drought index reservoir. 
 
The drought index reservoir in this case is an imaginary reservoir created to receive water from 
the Red River at the AL control point based on the regulated flow at that point.  The TO Record 
is used to set the diversion amount from Red River to 0.01 percent of the regulated flow for that 
month at the AL control point.  The water diverted at the AL control point is then sent to the 



imaginary reservoir in the form of a return flow in that same month.  The instream flow 
requirement at the affected water rights diversion locations becomes more restrictive when the 
amount of stored water in the imaginary reservoir is small.   
 
If the regulated flow at the AL control point is 1,000 cfs or less, then the drought index set the 
instream flow requirement at the affected water rights so high that the water rights will not be 
able to meet the instream flow requirement and therefore not be able to divert from streamflow.  
Therefore, the naturalized flow was multiplied by 900 percent.  If the regulated flow at the AL 
control point is less than 3,000 cfs but more than 1,000 cfs, then the drought index set the 
instream flow requirement at each of the affected water rights to 40 percent of the naturalized 
flow.  This will ensure that a minimum of 40 percent of the naturalized flow at each of the water 
right control points flows downstream.  The water rights will only have access to the regulated 
streamflow greater than 40 percent of the naturalized streamflow at their diversion locations.  If 
the regulated flow at the AL control point is 3,000 cfs or more, then the drought index set the 
instream flow requirement to zero at the water right’s diversion location.   
 
WRAP computations are performed on a monthly basis.  In order to keep the reservoir from 
continuously filling month after month from the monthly diversions from Red River, a diversion 
from the reservoir is also specified.  The diversion amount from the reservoir is set as the total 
storage for that month, thus allowing the reservoir to empty on a monthly basis. 
 
Reach III 

Subbasin 1 
 
Reach III is subdivided into three subbasins (See Figure 4).  There are no water rights in 
Subbasin 1 and the drainage area does not contribute to the flow at the Arkansas-Louisiana state 
border therefore Subbasin 1 is not included in this model.   
 

Subbasin 2 
 
Subbasin 2 within Reach III, is the Arkansas portion of the streams flowing from Subbasin 1 into 
Arkansas.  The flow in Subbasin 2 is totally within Arkansas and Louisiana and has no effect on 
water rights in Texas.  Therefore Subbasin 2 is not included in this model (See Figure 4).  

Subbasin 3 
 
Reach III, Subbasin 3 is the Cypress River Basin and was modeled separately in the TNRCC 
Cypress water availability model. 
 
Reach IV and Reach V 
 
Reach IV is completely within Arkansas and does not affect the modeling of the Red River Basin 
in Texas.  Reach V is completely within Louisiana and does not affect the modeling of the Red 
River Basin in Texas.  Therefore, neither of these reaches was included in the model. 
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CONCLUSIONS 
 

• Various WRAP model options and drainage assumptions were utilized to best approximate 
the federal Red River Compact and Texas water law in the Texas Red River Water 
Availability Model. 

• Naturalized streamflows were curtailed in different reaches within Texas and Oklahoma 
according to the Red River Compact. 

• Water rights on the Red River between Texas and Oklahoma had access to flows from Texas 
and Oklahoma. 

• None of the water rights in Subbasin 5 of Reach II were curtailed based on the streamflow at 
the control point at the Arkansas-Louisiana State boundary. 

• Although there were no curtailments in Subbasin 5 of Reach II in this analysis, it is important 
to have these restrictions in the model for future water right analysis. 
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A DEVELOPMENT FRAMEWORK FOR TWO-DIMENSIONAL LARGE BASIN 
OPERATIONAL HYDROLOGIC MODELS 

By Chansheng He, Visiting Scientist, and Thomas E. Croley II, Research Hydrologist, 
Great Lakes Environmental Research Laboratory, Ann Arbor, Michigan 

INTRODUCTION 

Large-scale operational hydrologic models are essential tools in support of multiple water resource 
applications such as flood control, navigation, irrigation, and habitat management, etc., at the 
regional or continental scales.  These models, unlike micro scale watershed models, are defined over 
large areas (>103 km2) and long time scales (typically for use over monthly and annual or longer 
time scales at a daily interval).  Often constrained by limited data availability, computational 
requirements, and model application costs over larger areas, large-scale models must have few 
parameters, use easily accessible meteorologic and hydrologic databases, and be user-friendly.  
Horberger and Boyer (1995) found that better representation of spatial and temporal variability and 
appropriate parameterization of hydrologic processes have become critical in recent years.  They 
reviewed recent advances in watershed modeling pertinent to use of Geographic Information 
Systems (GIS), remotely sensed data, and environmental tracers for micro scale modeling.  This 
paper addresses the needs and challenges of large-scale operational hydrologic models through the 
development of a modeling framework.  It focuses on advances in parameterization of the infiltration 
and evapotranspiration processes and on the representation of large-scale spatial variability.  It first 
reviews recent developments in hydrologic modeling and then proposes a developmental framework 
for integrating remote sensing, multiple databases, and emerging hydrologic algorithms in two-
dimensional large-scale runoff modeling.  Finally an application of the proposed framework is made 
for the Laurentian Great Lakes by spatially extending the lumped-parameter large basin runoff 
model (LBRM) developed at the Great Lakes Environmental Research Laboratory (GLERL). 

DIGITAL DATABASES 

Rapid advances in remote sensing, GIS, digital databases, and computing technology during the last 
two decades have provided enormous opportunities for the hydrologic research community.  For 
example, in addition to LANDSAT, SPOT, the National Oceanic and Atmospheric Administration 
(NOAA) satellite series, and its Geostationary Operational Environmental Satellite (GOES), newly 
launched satellites, such as the Earth Observing System (EOS) PM-1, RADARSAT (space borne 
radar), LANDSAT 7 Enhanced Thematic Mapper Plus, Space Imaging Inc.’s 1-m resolution of the 
IKONOS satellite, and others, enable the extraction of hydrologic parameters over multiple temporal 
and spatial scales.  Such parameters include solar radiation, realtime estimates of rainfall, surface 
temperature, leaf area index (LAI) and vegetation indices such as the Normalized Differential 
Vegetation Indices (NDVI), leaf wet content index (LWCI), moisture stress index, canopy water 
content, and surface soil moisture (Hall et al. 1992; Engman 1995). 

Digital Elevation Model (DEM) databases are widely used for deriving slope, aspect, drainage 
network, and flow direction for a watershed (for more information, see Hornberger and Boyer 1995). 
 Soil databases such as the State Soil Geographic Data Base (STATSGO) from the U.S. Department 
of Agriculture Natural Resource Conservation Service (NRCS) allow use of spatial soil 
characteristics in hydrologic models (He et al. 2001).  Land cover databases allow the derivation of 
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related parameters such as leaf area index, zero plane displacement height and fertilizer for 
hydrologic models. 

Despite the availability of many digital databases, obtaining input parameters for operational 
hydrologic models, especially for spatially distributed models, remains a challenge.  For example, 
precipitation is a key parameter in rainfall-runoff modeling.  Estimates of the spatial distribution of 
precipitation are still inadequate due to a lack of spatial and temporal coverage of satellites and rain 
gauge stations.  Methods for estimating precipitation rates by satellite remote sensing (e.g. GOES 
and space borne radar) are still at an experimental stage.  Ground-based radar is currently limited to 
a measurement circle with a radius up to about 100 km and its distribution is mainly limited to 
densely populated areas (Engman and Gurney 1991).  Estimates of precipitation from those radar 
stations still need to be calibrated against measurements from nearby rain gauges.  Thus, operational 
hydrologic models for large basins must still rely on inadequately distributed rain gauges for 
estimates of precipitation.  Because errors in precipitation data introduce greater uncertainty into 
parameter estimates than errors in runoff data (Borah and Haan 1991), it is critical to expand 
measurements of spatial and temporal distribution of precipitation nationwide in order to improve 
rainfall-runoff modeling.  An immediate consideration is to add more ground-based radar stations in 
the rural areas for a more complete coverage of the entire country.  A long-term alternative is to 
develop reliable procedures for deriving rain rates from a combination of visible, infrared, and 
microwave satellites. 

Unlike precipitation networks, there are virtually no systematic measurements of solar radiation and 
surface temperature throughout the US.  Although algorithms are available to derive solar radiation 
and surface temperature from visible and thermal bands of satellites, such as GOES, LANDSAT 
TM, and AVHRR, application of those algorithms often requires knowledge and skills of image 
processing and interpretation.  For example, land cover, an important parameter in hydrologic 
modeling, is often derived from remotely sensed data, particularly satellite images.  But accurately 
identifying and classifying land cover categories from remotely sensed data is still a challenging task 
and involves a number of processing, correction, interpretation, and verification procedures. 

SOIL MOISTURE 

Accurate accounting of soil water storage has a dominant influence on watershed runoff modeling.  
Models employing variable source area concepts (runoff from a dynamically changing surface area) 
produce more accurate overland flow estimates than models using the Hortonian infiltration capacity 
concept (Valeo and Moin 2001).  Water budget is very sensitive to the number of layers modeled in 
the soil profile under wet conditions and an insufficient number of soil layers can lead to large errors 
in modeled water fluxes (Martines et al. 2001).  For modeling soil water storage, a single layer in 
both the upper and bottom soil zones is adequate (Martines et al. 2001). 

The variable source area concept, for partitioning precipitation between infiltration and runoff, 
requires information on the spatial and temporal distribution of soil moisture and properties.  
However, frequent spatial measurements of soil are not currently available on a routine basis 
(Engman and Gurney 1991).  Researchers often use either soil maps or databases available for the 
entire country, such as STATSGO, to extract soil moisture and characteristics for hydrologic models 
(Liang et al. 1994), or estimate soil moisture storage through calibration (Croley 2002).  
Alternatively, microwave remote sensing is promising for higher spatial and temporal resolutions 
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(Engman and Gurney 1991). 

EVAPOTRANSPIRATION 

Evapotranspiration (ET, including evaporation) returns about 60 percent of precipitation to the 
atmosphere globally.  Although it is one of the most important components of the hydrological 
cycle, ET remains probably the most poorly understood.  Due to our inability to make direct 
measurements of ET in the natural environment and our lack of understanding of the processes and 
feedback mechanisms that control ET, virtually no systematic measurements of ET are available at 
the global scale (Morton 1994; Tateishit and Ahn 1996).  Many methods and models have been 
developed to estimate ET, including water balance methods, radiation methods, temperature-based 
methods, mass transfer methods, combinations of energy balance and mass transfer methods and 
complementary relationship methods (Jensen et al. 1990; Morton 1994).  Penman (1948) first 
developed a combination method that considers both the energy balance and the mass transfer of 
water vapor in determining evaporation from a wet surface.  Monteith (1965) introduced canopy and 
aerodynamic resistance terms into the Penman method for description of the ET process from 
vegetation (Jensen et al. 1990). The Penman-Monteith (PM) method has been recommended as 
better for estimating daily or longer periods of ET over a wide range of climate conditions (Jensen et 
al. 1990). 

The Penman-Monteith method requires determination of values of the aerodynamic resistance and 
canopy resistance.  Errors in canopy resistance lead to larger ET errors than do errors in 
aerodynamic resistance, as canopy resistance is an order of magnitude larger than aerodynamic 
resistance for a vegetated surface (Hall et al. 1992).  While algorithms have been developed to 
compute canopy resistance from LAI, NDVI, and leaf assimilation rate (Jensen et al. 1990; Liang et 
al. 1994), determination of appropriate values for canopy resistance remains challenging as 
derivation of NDVI and LAI from satellite data requires atmospheric, topographic, and radiometric 
corrections of satellite imagery (Hall et al. 1992). 

Another method for estimating ET is the complementary relationship (CR) concept, first proposed 
by Bouchet (1963).  The CR concept states that under the condition of constant energy input to a 
land surface-atmosphere system, water availability becomes limited; then actual areal ET falls below 
its potential, and an excess amount of energy becomes available.  The excess is in the form of 
sensible heat and/or long-wave back radiation that increases the temperature and humidity gradients 
of the over passing air and leads to an increase in potential ET (ETP) equal in magnitude to the 
decrease in ET.  If water availability is increased, the reverse occurs, and ET increases as ETP 
decreases.  Thus, ETP can no longer be regarded as an independent causal factor.  Instead it is 
predicated upon the prevailing conditions of moisture availability (Hobbins et al. 2001a, 2001b).  
Morton (1994) further refined the CR concept and developed a Complementary Relationship Areal 
Evapotranspiration (CRAE) model that considers the feedback effects of vapor pressure deficit and 
advection.  The CRAE model relies solely on routine climatological observations, uses only 
globally-tuned coefficients, and provides reliable, independent estimates of ET from 
environmentally significant areas in most parts of the world (Morton 1994; Hobbins et al. 2001a, 
2001b).  Brutsaert and Stricker (1979) developed an Aridity Advection (AA) model based on the CR 
concept.  Hobbins et al. (2001a, 2001b) apply the CRAE and AA models to the conterminous US for 
estimating regional monthly ET. An important feature of CR models is that they bypass the complex 
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and poorly understood soil-plant processes and do not require data on soil moisture, stomata 
resistance of the vegetation, or any other aridity measures (Hobbins et al. 2001a, 2001b). 

SCALING 

Scaling (the appropriate application of information gathered at one scale to other scales) has been a 
very important research topic in hydrologic modeling in recent years.  Studies have investigated 
important scaling issues related to hydrologic modeling, such as representation of spatial variability 
and disaggregation and aggregation.  Wood and Lakshmi (1993) proposed the use of a representative 
elementary area (REA) for representation of the spatial variability.  The REA, ranging in size from 
1-2.25 km2 to 5-10 km2, is defined as the fundamental scale for detailed spatial modeling of 
hydrological processes. Beyond the REA, a statistical approach can be used to model the 
hydrological processes to simplify the computational burden.  Others, however, conclude that REA 
is not a fundamental measure of the inherent spatial variability in catchment runoff modeling and 
cannot be used in formulating large-scale hydrology theories (Fan and Bras 1995). 

Alternatively, Goodrich et al. (1997) proposed the concept of “a critical transition threshold area” of 
about 37-60 ha (0.37-0.6 km2) and report that watershed runoff response becomes more nonlinear 
with increasing watershed scale beyond that threshold area.  Other researchers have proposed the 
concepts of “hydrologically similar units” (HSUs) and “hydrologic response units” (HRUs) to 
represent the aggregate areas of similar hydrologic behavior on the basis of topography, land use, 
soil, and vegetation (Becker and Braun 1999).  This approach, as compared to the grid approach 
(systematically discretizing the watershed into a grid of squares), is more efficient computationally 
as a specific set of model parameters is applicable to each type of HRUs or HSUs. 

Although significant progress has been made in scaling, research on scaling is still evolving and 
many important issues, such as representation of spatial variability, are still being explored.  For 2-D 
hydrologic modeling at large-scales, it appears that discretization, of the study watershed into either 
grids or hydrologic response units, is feasible to represent spatial variability of the watershed.  While 
there is no universally uniform definition, the size of grids or HRUs should be determined in 
comprehensive consideration of characteristics of climate, topography, soil, land use, and vegetation 
in the study area. 

DEVELOPMENTAL FRAMEWORK 

Figure 1 summarizes our developmental framework for large-scale operational hydrologic models.  
These models should utilize meteorological, biophysical, and hydrological data from both remote 
sensing sources and ground stations for better representation of hydrologic input parameters over 
multiple spatial and temporal scales.  A tank-cascade concept can be used to represent storage of 
water in upper and lower soil zones and in groundwater.  Variable source area concepts should be 
used for partitioning precipitation into infiltration and runoff.  Either the Penman-Monteith method 
or the Complementary Relationship method can be used in simulating water losses through ET from 
each storage tank.  Watersheds can be discretized to either grids or HRUs.  Surface runoff, interflow, 
and groundwater are first simulated over each grid or HRU and eventually routed accumulatively to 
the outlet of the watershed to produce basin outflow.  A multiple objective approach should be used 
in model calibration for better assessment of model performance.  Specific discussions on model 
input, model structure, spatial variability, and model calibration follow. 
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Utilization of Remote Sensing Databases:  The increasing number of satellite sensors provides 
large amounts of unique, timely environmental information at the regional scale for simulation 
models.  Yet large operational hydrologic models have not taken full advantage of such enormous 
opportunities.  This may be due to a combination of factors such as cost of satellite data, limitations 
of satellite instruments to provide reliable and frequent sources of input parameters, and lack of 
expertise to derive accurate input parameters for the simulation models.  A major reason that remote-
sensing techniques have not been widely used in operational hydrologic models may be the lack of 
necessary expertise to process remote sensing data (e.g., atmospheric, radiometric, and topographic 
corrections and noise removal) to extract the needed parameters.  To overcome the challenges faced 
by hydrologists in the use of remote sensing data for operational purposes, we propose that a federal 
agency such as USGS or NOAA take a leading role in acquiring and processing satellite data, 
extracting hydrologic parameters such as net radiation, precipitation, surface temperature, and soil 
moisture, and distributing them on the World Wide Web for hydrologists to use (see Figure 1).  The 
USGS and NOAA already distribute topographic, meteorologic, and vegetation data this way.  It 
would be cost-effective and efficient for these federal agencies to process and derive these additional 
parameters from their current depository of satellite images, for those agencies are well equipped to 
handle such tasks on a regular basis.  The processed parameter data sets can then be distributed at a 
nominal cost to the hydrologic community through established distribution mechanisms such as the 
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USGS Earth Observing System Data Center or the NOAA Climate Data Center.  This would lead to 
wider use of remote sensing data in hydrologic modeling and save vast amounts of resources to both 
space institutions and management agencies in the long run. 

Structure of Operational Models:  The performance of hydrologic models is closely associated 
with their structure, the objective function used in calibration, and data quality (Gan et al. 1997).  
Large-scale operational models should be physically based (use physical theory and principles to 
govern the hydrologic system) to provide a better representation of hydrologic processes.  Even 
though being physically based may not always guarantee the best simulation results, it allows results 
explainable. 

The model components should include land surface, soil zones, and groundwater (see Figure 1).  
Variable-source-area concepts should be used in computing infiltration and saturation runoff as the 
variable-source models give a better representation of hydrologic processes, produce better estimates 
of overland flow, and are less scale-dependent (Beven 2000; Valeo and Moin 2001).  Soil layers and 
groundwater should be included in the model structure as water budget is very sensitive to the 
number of layers in the soil profile and omission of the subsurface-groundwater component in a 
runoff model can lead to an increase in the model scale dependency (Martines et al. 2001). 

The energy balance and mass transfer combination methods and CR methods need to be examined 
for estimating regional ET.  Combination methods, such as Penman-Monteith, may be used in areas 
where datasets, related to canopy and aerodynamic resistance, are available.  The CR method may be 
more applicable to large regions for monthly or longer periods of ET as such methods bypass the 
poorly understood land surface processes and have fewer coefficients (Morton 1994; Hobbins et al. 
2001a, 2001b). 

Spatial Variability of Models:  Spatial variations of precipitation, soil, vegetation, and topography 
have significant impacts on runoff modeling (Beven 2000).  While lumped-parameter models treat 
the catchment as a single unit, with state variables representing averages over the catchment area, 
distributed models make predictions that are distributed in space, with state variables representing 
local averages by discretizing the catchment into a large number of elements or grid squares and 
solving the equations for the state variables associated with every element grid square (Beven 2000). 
 Compared to lumped models, distributed models (even simple 2-D ones) take into account the 
variation of spatial heterogeneity and help modelers and resource planners better understand the 
spatial response to hydrologic events. 

Available topographic databases and algorithms make development of distributed models readily 
feasible.  Operational models should take advantage of available databases in DEM, hydrography, 
soils, and meteorology, to account for spatial variations of climate, soil, topography, vegetation, and 
land use practices.  Watersheds should be discretized into either grids or HRUs (see Figure 1), then 
large-scale operational models applied to each cell, and the output from each cell then routed to the 
watershed outlet.  Finally, model results should be displayed in a spatially referenced format within a 
GIS environment to facilitate visual examination of spatial distribution of the simulation output for 
the entire watershed. 
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Model Calibration:  Hydrologic models must be calibrated (model parameters estimated) to well 
represent reality, i.e. to match observations with acceptable accuracy and precision (Gupta et al. 
1998).  Traditionally, research has focused on error identification and minimization in data and 
modeling to find the “best” parameter set (Gupta et al. 1998).  With inevitable errors in both model 
structure and measured data, calibration is inherently multiobjective; identification of a unique 
“best” parameter set is difficult, if not impossible.  Gupta et al. (1998) suggested the use of a set of 
unrelated measures of differences between simulated and observed data; they use residual standard 
deviation, residual bias, and number of sign changes in a case study.  Yan and Haan (1991) used a 
multiple-objective programming method to calibrate parameters for a hydrological model, the USGS 
Precipitation-Runoff Modeling System (PRMS), and indicate that use of multiple objectives 
(matching storm peak flow, storm volume, and daily runoff) yields optimized parameters that satisfy 
the criteria of all objectives.  If a single objective function is used, the optimal parameters are good 
only with respect to the optimized objective but poor with respect to other objectives.  Therefore, a 
multiobjective approach should be used in model calibration for better assessment of the limitations 
of model structure and confidence of model predictions (see Figure 1).  In addition, with readily 
available satellite data and other GIS databases, it is time now to develop areal flow observations for 
calibration and for improving our understanding of spatial variations. 

2-D LARGE BASIN RUNOFF MODEL DEVELOPMENT 

The Large Basin Runoff Model (LBRM) of the GLERL is a lumped-parameter, interdependent tank-
cascade model (Croley 2002).  It uses mass continuity equations coupled with linear reservoir 
concepts and consists of four components: land surface, upper soil zone, lower soil zone, and 
groundwater zone.  Snowmelt and net supply computations are based on simple degree-day 
empiricism.  Variable source area concepts are used to determine infiltration and surface runoff.  
Infiltration is proportional both to the remaining capacity in the upper soil zone and to the net supply 
rate.  Complementary relationship concepts are used in computing ET, which is taken as 
proportional both to the potential rate, determined from heat balance considerations over the 
watershed, and to available water storage (reflecting both areal coverage and extent of supply).  The 
LBRM uses readily available daily climatological and hydrologic data, requires few parameters and 
data, and is applicable to other large watersheds beyond the Great Lakes basin.  However, it does not 
take into account the effects of spatial variations of landscape.  With the rapid development in 
computing technology and increasing availability of multiple digital databases, a new generation of 
the LBRM is possible to utilize available databases and new algorithms in simulating rainfall-runoff 
in large basins.  Improvements to the current version of LBRM are based on the proposed 
framework. 

Model Input:  The current LBRM requires daily precipitation, minimum and maximum air 
temperature, and solar radiation.  The areally averaged daily time series of precipitation and air 
temperature are derived by Thiessen weighting more than 1,800 historical climatological site records 
in the Great Lakes basin.  Spatially averaged daily solar radiation estimates are generated from air 
temperature databases by empirical formulae.  Considering the current challenges and costs in 
deriving daily time series of precipitation and solar radiation data sets from remote sensing sensors 
(both airborne and satellite sensors) for large basins on a long term basis, an immediate 
improvement to the model input is to estimate solar radiation from both air temperature and 
precipitation databases by WGEN, a weather simulation model by Richardson and Wright (1984).  It 
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generates estimates of solar radiation from precipitation and maximum and minimum air temperature 
data.  The model has been tested and used throughout the country and satisfactory results have been 
produced (Richardson and Wright, 1984). 

Once the daily, areal coverage of snow pack, rainfall, and solar radiation from remote sensing 
sensors such as NOAA, GOES, and other EOS satellites become available on a routine basis, the 
LBRM can be modified to utilize these estimates to simulate rainfall-runoff for the Great Lakes 
basin.  Such addition will lead to better representation of the spatial distribution of net supply to the 
model and hence significantly improve the accuracy of the runoff simulation. 

Model Structure:  The PM method will be added to the LBRM to enable assessment of vegetation 
change effects on ET in the Great Lakes basin.  The simulation results of the model from the PM 
method will be compared with those from the CR method for evaluating the applicability of both 
methods in modeling ET over the Great Lakes basin.  As the PM method requires aerodynamic and 
canopy resistance coefficients, vegetation databases from the USGS will be used to infer roughness 
length and canopy resistance based on methods from the literature (Jensen et al. 1990; Liang et al. 
1994).  Wind speed data from the climatological databases will be converted to 2-m height wind 
speed by empirical formula (Jensen et al. 1990).  Vapor pressure deficit is computed based on the 
minimum and maximum air temperature and dew point temperatures.  Net solar radiation is 
estimated from the solar radiation derived by WGEN, air temperatures, and vegetation (for 
estimating emissivity).  Soil heat flux is generated as a percentage of net radiation (Engman and 
Gurney 1991). 

Spatial Variability of the Model:  The current lumped-parameter LBRM will be expanded to two 
(spatial) dimensions by means of both a grid system and the definition of HRUs to discretize a study 
watershed (see Figure 1).  The size of a grid cell will be 1 km by 1 km to match existing areal 
coverage of meteorological data.  As the size of watersheds in the Great Lakes basin ranges from 103 
to 104 km2, it is a significant challenge to derive spatially varying input parameters for each of the 1 
km2 grid cells.  To overcome this difficulty, HRUs will be developed based on a combination of 
slope, soil, and vegetation.  STATSGO from the USDA NRCS will be used to extract soil texture, 
available water holding capacity, and depth of topsoil layer to the model.  The land cover database 
from the USGS will be used to derive vegetation-related parameters such as the roughness length 
and zero-plane displacement height.  A DEM database (at scale 1:250,000) will be used to derive 
slope and flow direction based on the work of He et al. (2001). 

The LBRM model will then be applied to each 1 km2 grid cell and a hydrologic routing module (the 
Muskingum method) will be added to the model for routing flow accumulatively downstream.  
Three approaches will be considered in routing simulated flow downstream.  The first approach is to 
apply the current LBRM to each individual cell and route the total flow from each cell 
accumulatively down to the watershed outlet.  As the current LBRM simply computes and adds 
interflow and groundwater flow to surface runoff at the cell outlet, this approach implies no 
subsurface flows between cells.  However, it is simpler, computationally efficient, and relatively 
easier to calibrate than the following approaches.  The second approach is to add interflow from the 
lower soil zone to groundwater, and route surface runoff and groundwater downstream separately.  
Surface runoff is then routed from each cell accumulatively downstream and the groundwater 
(including interflow from the lower soil zone) is routed from each HRU downstream.  (A special 
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case would be the entire watershed as a HRU).  The third approach is to route all three separately: 
surface runoff and interflow from each cell and groundwater from each HRU.  (Again, a special case 
would be the entire watershed as a HRU).  The advantages of the latter two approaches are: 1) better 
consideration of landscape heterogeneity on subsurface hydrologic response, and 2) detailed 
accounting of the distribution of surface runoff, interflow, and groundwater throughout the 
watershed.  The main challenge for these approaches is calibration of interflow and groundwater 
modeled components, for virtually no observed interflow and groundwater data are available over 
large areas of the Great Lakes basin.  An imperfect but workable solution might be to use the 
simulated groundwater output at the outlet from the current lumped LBRM (for surface runoff at the 
outlet is calibrated) to approximate the groundwater from the 2-D LBRM, which will yield some 
insights for calibrating the 2-D LBRM at the outlet.  Of course, compared to the first approach, the 
latter two are relatively more complex, slower, and more expensive to run.  These factors must be 
adequately considered to determine an appropriate approach for large-scale operational hydrologic 
models. 

Model Calibration:  LBRM calibration is presently conducted as a systematic search of the 
parameter space to minimize the root-mean-squared-error between actual and simulated daily 
outflow volumes at the watershed outlet.  A new holistic calibration procedure will be developed to 
include the multiobjective approach suggested by Gupta et a. (1998) for better assessment of errors 
in both model structure and observed data.  In addition to the daily root-mean-squared-error, bias 
and number of sign changes will be added to the calibration module for assessing the systematic 
errors in the differences between the simulated and observed daily stream flow as these three 
parameters are relatively unrelated.  Future calibration will also include generating runoff surfaces 
for assessing spatial variations of observed and simulated runoff throughout a study watershed. 

SUMMARY AND CONCLUSIONS 

Development of large-scale operational hydrologic models is essential for support of long-term 
water resource planning and management over large river basins.  This paper reviews recent 
advances and challenges in hydrologic modeling for the large-scale and proposes a developmental 
framework for 2-D models, which considers model input, model structure, spatial variability, and 
model calibration. Operational hydrologic models should utilize satellite data to develop input 
parameters over multiple temporal and spatial scales.  The federal government may facilitate such 
efforts by coordinating the processing, extracting, and distributing of hydrologic parameters such as 
net radiation, surface temperature, and precipitation through the World Wide Web to the modeling 
community in the same manner as they currently distribute meteorological, stream flow, and 
topographic data.  Measurements of precipitation should be expanded to reduce parameter 
uncertainty in rainfall-runoff modeling.  An immediate consideration is to add more ground-based 
radar stations in rural areas for a more complete coverage of the entire country.  A long-term 
alternative is to develop reliable procedures for deriving precipitation rates from a combination of 
visible, infrared, and microwave satellites. 

Operational models should be based on mass continuity equations and include land surface, soil 
zones, and groundwater components.  The variable source area concept should be used in computing 
infiltration and saturation runoff.  Combination methods such as the Penman-Monteith equation or 
complementary relationship methods should be used in estimating regional ET over long periods of 
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time.  Multiple topographic, soil, climate, and vegetation databases and expanding GIS capabilities 
should be integrated to discretize a study watershed into either grid cells or HRUs.  Operational 
models should be applied to each grid cell or HRU to take into account spatial heterogeneity of 
watersheds in simulating their hydrologic response.  While routing simulated flow downstream, an 
integrated approach may be used to route surface runoff from each grid, and interflow and 
groundwater flow from each HRU, considering data availability, computational complexity, and 
application costs. 

A multiple-objective calibration should be used for better assessment of errors in both model 
structure and observed data.  In addition to calibrations of model flows at the outlet of a watershed to 
measured flows at that point, model results should also be compared to observed data across the 
surface of the entire watershed to provide better understanding of the spatial variation of hydrologic 
responses.  Work is underway to test the proposed framework in our development of a 2-D LBRM 
for the Great Lakes basin. 
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Abstract: The Upper Mississippi River System Flow Frequency Study is a Corps of Engineers 
project with the overall objective of updating the flow frequency relationships and flood profiles 
for the Mississippi River above Cairo, IL, the lower Illinois River, and the Missouri River 
downstream of Gavins Point, SD.  There are five Corps of Engineers (COE) Districts involved in 
this study, including the Kansas City District.  One of the project's critical components was the 
development of unregulated and regulated flows from the Kansas River, the largest Missouri 
River tributary in the Kansas City District.  Developing these continuous periods of outflows was 
a particularly complex process due to the presence of eighteen flood control lakes in the basin.  
See the following figure depicting the Kansas River basin.  The work necessary to complete this 
task was performed under contract with HNTB Corporation. 

 
Figure 1:  Kansas River Basin  
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A hydrologic model of the Kansas River Basin's middle and lower portions simulated the 
movement of water through the basin.  The modeling was based on daily mean discharges from a 
series of stream gaging stations within the Kansas River Basin, many of which dated back to 
1919.  Because there were gaps in the observed flow data at most gages and not all gage records 
extended back to 1919, a statistical cross-correlation procedure was developed to fill in the 
missing data.  The goal of ultimately producing a flow frequency curve based on the entire study 
period began with analysis of an observed model and progressed to an unregulated flow model.  
The regulated flow data sets for the Kansas River Basin could then be completed. 
 

INTRODUCTION 
 
Routing models were developed for the middle and lower portions of the Kansas River system 
extending from the Kanopolis, Wilson, Waconda, Harlan County, Tuttle Creek, Perry, and 
Clinton Reservoirs to the confluence with the Missouri River.  Using the releases, depletions, 
and holdouts at the reservoirs, and local lateral inflows in the river reaches, the model calculated 
the daily mean discharge data sets at each of the primary mainstem gaging sites on the Kansas 
River for the 1919-1997 study period.  HEC-HMS Version 1.1 (the Hydrologic Modeling 
System computer program from the Hydraulic Engineering Center of the COE) was used to 
model the basin.  HEC-HMS has the ability to perform the necessary operations with its various 
flow routing technique options, input data retrieval from HEC-DSS (Data Storage System), and 
output to HEC-DSS.   HEC-HMS will likely be used in future COE projects, and using it in this 
study optimizes its compatibility. 
 
While HEC-HMS is capable of modeling runoff from watersheds, the watershed runoff was 
calculated using the observed gage daily mean discharge records to determine the lateral inflow. 
DSSMATH retrieved and manipulated data stored in HEC-DSS, including calculating the inflow 
hydrographs and performing various calculations for sensitivity and verification analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  HEC-HMS schematic of the observed flow routing model 
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The observed flow routing model prepared for the Kansas River Basin represents river flows as 
they actually occurred.  The observed condition model was calibrated by adjusting the model 
routing coefficients until the resultant of routing the upstream hydrographs reasonably matched 
the observed hydrograph at the downstream end of the targeted reach.  It was necessary to 
subdivide the record, both by time period and then by discharge, to develop a satisfactory set of 
coefficients to cover the entire period of record.  Once these calibrated coefficients were 
determined, they were used in all subsequent phases of the study. 
 
Unregulated flows are those that would have occurred prior to such structural river developments 
as channel modifications, levees and reservoirs.  In addition to the gage daily mean discharge 
files, various basin depletions, reservoir holdouts, and local inflow files were needed for the 
unregulated flow model.  The reservoir holdouts included changes in storage and the effects of 
evaporation and precipitation.  Holdouts are the effect of the reservoir, or water that is either 
removed or added to the downstream flow.  The local inflow is the watershed runoff flow that 
enters the system between gaged nodes.  Basin depletions include the holdouts from the 
upstream reservoirs which are not explicitly modeled and surface water depletions due to 
irrigation and other sources such as municipal, industrial, rural non-farm uses, small farm ponds, 
and non-federal reservoirs.  The Bureau of Reclamation provided depletion estimates under 
contract with the COE.  There are eight principal flood control reservoirs in the Kansas River 
basin; seven are COE projects and the Waconda Lake reservoir is a Bureau of Reclamation 
project. 
 
Regulated flows are those that would have occurred with current reservoirs and basin 
developments in place for the entire study period.  A series of reservoir regulation criteria was 
incorporated into a Microsoft Access simulation model to predict the regulated reservoir 
releases.  The final regulated flow data sets were generated utilizing the calibrated HEC-HMS 
model, regulated reservoir release data sets and observed lateral inflows computed previously. 
 
Because of data availability, daily mean discharges were used throughout this study.  
Hydrograph volumes were therefore relatively accurate, and meaningful calibrations could be 
achieved for routings where travel times were in units of days.  The calibration methodology was 
primarily aimed at analyzing significant flood events; therefore, there may be greater potential 
accuracy limitations at low and moderate flow levels. 
 

DETERMINATION OF ROUTING PARAMETERS 
 
HEC-HMS Routing Methodology: The Muskingum-Cunge flood routing method, generally 
considered a diffusion model, satisfactorily predicts hydrograph attenuation based on physical 
channel properties and the inflow hydrograph.  Because the parameters of the model are 
physically based, the method has an advantage over other hydrologic techniques.  The method 
stands up well against the full unsteady flow equations over a wide range of flow situations. 
 
Streamflow Routing Data: The general physical characteristics of each reach in the Kansas 
River model included the channel cross-section data, the floodplain cross-slope, and the reach’s 
slope and length. 
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An eight-point cross-section representing the entire reach length was identified from information 
found in a system review task of the project.  For many of the tributaries, detailed channel cross-
sectional surveys could not be found. However, lack of detailed cross-sections was not deemed a 
problem because the calibration coefficients were used to account for cross-sectional area 
changes.  If the model cross-section was not entirely representative, calibration of the 
coefficients accounted for possible inaccuracies.  The reach slope was determined from either 
available flow profile data or water elevations at gages and the channel lengths between the 
gages.  If more than one slope was found for the same river reach, an average slope was used. 
The reach lengths have changed slightly through the study period, but because changes were 
poorly documented, it was decided to model the length changes throughout a reach by calibrating 
the coefficients and changing those coefficients over time. 
 
Routing Calibrations: Each reach was investigated to determine which coefficients would yield 
the most accurate results.  The model was calibrated by selecting coefficients that minimized the 
negative inflow (a result of inaccurate depletions and holdouts) while producing a routed 
hydrograph that closely matched the shape, timing, and peak of the observed hydrograph.  The 
coefficients are similar to Manning's roughness coefficients; however, the coefficients were 
calibrated to account for other factor such as spatial and temporal cross-sectional, slope, and 
length changes.  These coefficients were the only variables that were manipulated. 
 
Multiple calibration coefficients throughout the 1919 to 1997 study period were determined for 
each river reach’s channel and overbank.  However, it was determined through sensitivity 
analyses that a certain range of coefficients would yield reasonable results.  As a result, to make 
creating and running the HEC-HMS model manageable, more general coefficients were used to 
represent longer time periods.  Samples of these final calibration coefficients are listed in the 
following table.   
 

Table 1:  Sample of Calibration Coefficients for the Kansas River  
REACH DESCRIPTION OVERBANK CHANNEL 
Junction of KS & Big Blue Rivers   n=0.07 from 1919 to 1997  n=0.05 from 1919 to 1961 
to Wamego Gage   n=0.04 from 1962 to 1997 
(KS River)  EXCEPT for 

  n=0.03 for June & July 1993
Wamego Gage to Topeka Gage   n=0.07 from 1919 to 1997  n=0.05 from 1919 to 1961 
(KS River) EXCEPT for  EXCEPT for 

  n=0.04 for June & July 1951 n=0.025 for June & July 1951
  n=0.04 from 1962 to 1997 
  EXCEPT for 
  n=0.03 for June & July 1993

Topeka Gage to Lecompton Gage   n=0.07 from 1919 to 1997  n=0.05 from 1919 to 1956 
(KS River) EXCEPT for  EXCEPT for 

  n=0.04 for June & July 1951 n=0.025 for June & July 1951
  n=0.04 from 1957 to 1997 
  EXCEPT for 
  n=0.03 for June & July 1993
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Recognizing that channel characteristics change over time, calibration coefficients were 
developed for defined periods and used to compute the local inflows.  The regulated analysis was 
intended to compute a flow series characteristic of the current state of channel and basin 
development, so only the current calibration factors were used for routing through the regulated 
flow analysis. 
 
Overbank coefficients could not be determined for many time periods because significant 
floodplain flow did not occur, especially in periods after construction of the reservoirs.  
Therefore, these coefficients were estimated from time periods when overbank flow did occur. 
 
Changing the coefficients had little effect on the routed hydrograph for reaches shorter than 20 
miles. The coefficients could not be accurately estimated because significant changes had 
virtually no effect on the routed hydrographs due to short travel times. For these reaches, the 
coefficients were estimated based on the calibration coefficients of nearby river reaches. 
 
It was found during the calibration process that the calibration coefficients generally decrease 
over time. This could be explained several ways: 

• There is more agriculture and less wooded area now than at the beginning of the period 
• The channel cross-sectional area has increased over time, causing the coefficient to 

decrease 
• Channelization or straightening has occurred, reducing the meander lengths    

For the summers of 1951 and 1993, many of the routing parameters had to be lowered to match 
the downstream hydrograph. This was probably due to major flooding events occurring during 
the two periods, which scoured and deepened stream channels and destroyed significant amounts 
of vegetation on floodplains.  
 
Local Inflow: After determining reach routing parameters, daily local inflows in each routing 
reach were computed.  Routing parameters, specific to the time period in which the local inflows 
occurred, were used to compute the routed hydrographs. The upstream routed hydrographs were 
subtracted from those observed downstream, yielding estimates of the lateral inflow during the 
daily time step between gage locations. Some inflow hydrographs included inflow from multiple 
reaches because some of the downstream observed hydrographs, used to calculate the local 
inflow hydrograph, also included flows from multiple reaches. The same local inflow 
hydrographs were used in the observed, unregulated and regulated flow models. 
 

RESERVOIR REGULATED RELEASES 
 
Development of General Regulation Methodology 
Regulation Manuals: Specific criteria needed to be established to determine what reservoir 
releases would have occurred for the Kansas River Basin had regulations been in place for the 
entire time period. A listing of project regulation criteria was compiled for each of the eight 
reservoirs explicitly included in the HEC-HMS observed and unregulated models. Those 
reservoirs were Kanopolis, Wilson, Waconda, Harlan County, Milford, Tuttle Creek, Perry and 
Clinton. HNTB carefully reviewed each COE regulation manual and used them to create 
individual criteria listings.  The listings included pool elevations with descriptions, seasonal 
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phase guidelines, minimum flows for water quality, minimum and maximum limiting releases, 
minor impoundment releases, and regulating discharges at downstream target points. 
 
Closely associated with the parameter values in the listings was the method of using them to 
determine reservoir releases.  The description of the pool elevations gave first direction on what 
criteria to use for the reservoir.  A reservoir in the multipurpose pool follows different criteria 
than one in the flood control pool or the surcharge pool.  When a reservoir’s elevation is within 
the multipurpose pool, the controlling factors are just the minimum allowable release and other 
minimum flow requirements.  If the pool is in the flood control range, the above mentioned 
regulating discharges at certain downstream target points become important.  Also, in a certain 
elevation range of the pool, the minor impoundment releases are used.  Minor impoundments 
refer to the first part of the flood control pool that is to be released systematically over a ten-day 
period.  Surcharge releases are calculated in another specified manner.  An understanding of the 
general procedures involved in the methodical determination of the daily reservoir releases was 
gained in the investigation of the COE reservoir regulation manuals. 
 
Individual Reservoir Regulation: Individual reservoir regulation can be simple or complex 
depending on the situation. With normal volumes of runoff to the river, minimal releases can be 
used to maintain the multipurpose elevations preferred at each reservoir. However, if an increase 
in reservoir inflows occurs over a period of time or from a single large rainfall event, storage 
space is used to prevent high flows downstream.  Although the purpose of flood control pool 
regulation is simply explained, it is an area with complex regulation procedures. If a continued 
filling of storage capacity is necessary, the elevation may reach surcharge level. At that point, 
measures are taken to release as much water as possible to prevent the dam from overtopping. 
The process includes the following steps: 
 

1. A preliminary release is found based on pool level and other guidelines. 
2. The flow is routed down to its target location to check for permissibility. (This is only 

necessary when the pool level is in flood control. The release is set if it is in multipurpose 
or surcharge) 

3. The routed preliminary release is added to the downstream local inflow for the day the 
release would reach the target location. 
• If the target flow is greater than the routed flow, the preliminary release is the final 

release value. 
• If the target flow is less than the routed flow, the preliminary release is reduced by the 

difference between them. (The reduction assumes that routing effects will not greatly 
change based on the updated release) 

4. The holdout is determined once the final release is calculated. 
• The inflow minus the release gives a change for the day, which is converted to a 

change in elevation using the reservoir's current elevation-capacity curve. 
• The evaporation for the day is subtracted from the change in elevation. 
• The precipitation for the day is added to the change in elevation. 
•  

5. The next day’s beginning elevation is determined by adding the holdout (+ or -) to the 
current day’s elevation. 

 

 6



Multiple Reservoir Regulation: Most of the time individual regulation is all that is needed, but 
there are times when the reservoirs must be evaluated as a system.  In other words, it is necessary 
to rank the importance of each individual release because the release from individual reservoirs 
affects the total flow downstream at common points. Taking precedence is the reservoir in the 
greatest danger of filling its flood capacity. There are master manuals outlining the system 
regulation along with the individual COE reservoir regulation manuals. The Kansas River Basin 
has two overall systems for the eight major reservoirs.  
 
Access Model Parameter Inputs: Microsoft Access was chosen for the interim step of 
calculating reservoir releases for the regulated HEC-HMS model.  Access is a Windows based 
database program that can perform complex calculations through the use of a programming 
language.  The program can perform single common operations to be applied to any or all 
reservoirs.  Each of those single operations can then be linked together and system operation 
relationships can be made.  Since the regulated flow study covers an enormous amount of data, it 
was advantageous to utilize a database such as Access.  Access holds the data in a series of tables 
and an algorithm is written to pull certain information for specific uses. Access uses a slightly 
modified version of the Visual Basic computer language in its programming applications. 
 
In addition to the information taken from the regulation manuals, several other parameters were 
necessary to produce a working model of the regulated Kansas River Basin within the Access 
program.  The values include beginning elevations for the reservoirs, travel times for the 
modeled reaches, local inflows for each reach, basin depletions, upstream regulated reservoir 
inflows, elevation-capacity curves for each reservoir, precipitation, and evaporation. 
 
Beginning Elevations: The beginning elevations for each reservoir, used only in the Access 
model, could not be based on the beginning elevations from actual operation.  Those elevations 
were unreasonably low because filling of the reservoir to a certain usable level took place over 
the first several months of its existence.  In this study's regulated flow model, the reservoirs were 
represented as having been established prior to the start of the model time period. In other words, 
the regulation would begin with the reservoirs in their multipurpose pools.  It was decided to 
calculate an average elevation of levels for several years starting with the beginning of the first 
or second year following actual impoundment.  Between seven and ten values were obtained 
from various years of reservoir operation for the beginning date.  In some cases, values from the 
first or second year did not seem reasonable in comparison to others and were therefore thrown 
out. 
 
Travel Times: The travel times used within the Access model to determine the reservoir releases 
were derived from the previously completed HEC-HMS models.  Some travel times could be 
found in the reservoir regulation manuals and other sources, but it was decided that using the 
HEC-HMS model times was more appropriate.  The routing method in the Access model was 
different than the Muskingum-Cunge routing in the HEC-HMS model, but the routing times 
generally coincided.  The Access model was only used to determine the reservoir releases for 
input to the HEC-HMS model.  The HEC-HMS model is the better routing tool because its 
routing method is more precise.  By comparing several hydrographs throughout the time period 
along each of the modeled reaches, one could see how long it was taking the peaks to travel from 
one node in the model to the next.  Even though the study deals with daily average flows, the 
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HEC-HMS model can use a routing step other than daily increments because of its routing 
complexity.  For the initial modeling in Access with the simpler routing method, travel times 
were applied in daily increments.  Therefore, as there were slight differences in travel times 
within the HEC-HMS model depending upon the magnitude of the event being checked, an 
average travel time in whole days was not difficult to determine. 
 
Local Inflows: The method of determining local inflows in the observed flow model produced 
some data sets that included more than one reach of the model. This was not the case for the 
Access model, which looks ahead at future inflows depending on travel times given for the 
reaches. Since flows from Mentor and Tescott do not reach New Cambria at the same time, a 
separate inflow data set was needed for each reach (Figure 2 shows a schematic of the basin). 
The drainage areas for each reach were used to divide the total local inflows into separate data 
sets for use in the Access model.  Additionally, as stated, the Access model utilizes local reach 
inflows that occur in the future.  The flows are already known because the time period is in the 
past, but in actually regulating the reservoirs, these local inflows are forecasted. To prevent 
perfect foreknowledge from influencing the model's outcome, a randomization technique was 
applied to the flows. COE regulation is done with conservative (or high) runoff forecasts it 
receives from the National Weather Service to prevent flooding in case a higher flow than 
expected occurs. Therefore, it was decided to randomize the known values in a 20 percent range 
weighted to the high side. A random number generator with a continuously changing seed value 
provided local inflows ranging from 95 percent to 115 percent of the actual values. 
 
Upstream Regulated Reservoir Inflows: Regulated upstream reservoir inflows were needed 
along with the local reach inflows for input to the Access model. Flows into each modeled 
reservoir, except Milford, had to be adjusted for upstream regulation and depletions. The 
regulated inflows for Milford were determined within the model because the release from Harlan 
County flows into Milford. There are several U.S. Bureau of Reclamation (USBR)-controlled 
reservoirs upstream of the reservoirs explicitly shown in the model. The COE provided a set of 
regulated inflows to each of the seven modeled reservoirs reflecting upstream USBR reservoir 
regulation, COE regulation and irrigation depletions.  These values, like the local reach inflows, 
were randomized prior to their use in the Access model. 
 
Reservoir Stage-Storage Data: Elevation-capacity curves were necessary for the Access model 
to determine the holdout each day of reservoir operation.  The net change in flow between inflow 
and outflow had to be converted to a depth of loss or gain in the reservoir. That loss or gain 
provided the elevation to begin the next day’s regulation. Elevation-capacity curves can change 
significantly over years of operation due to siltation that reduces capacity at lower elevations. 
The COE provided HNTB with the currently used curves for each reservoir. Depending on the 
data available, the values were usually applied in Access in one- or two-foot increments. 
 
Precipitation Data: Precipitation data was compiled in earlier study tasks from historical 
records to obtain coverage over the entire time each reservoir was actually in place.  For the 
regulated model, however, the precipitation during times of actual regulation was already 
included in the regulated inflow calculations.  Precipitation data for the period of time prior to 
actual operation was obtained from COE records.  Index stations operated by the National 
Weather Service were used to determine the rainfall amounts.  The closest station or stations 
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were used for direct application to the reservoir area.  It was recognized that the actual 
precipitation recorded would not result in an equivalent change in water surface elevation.  A 
precipitation factor is typically used that varies by season and location.  However, for the 
purposes of this study that is concentrated on the peak flow events, it was decided that 100 
percent is an acceptable working factor.  The factor is reasonable because major flood producing 
storms are relatively extensive in areal coverage. 
 
Evaporation Data: As in the case of precipitation data, historical evaporation data was compiled 
in earlier study tasks for the period of time when the reservoirs were actually operating.  The data 
prior to that time was completed in much the same way as the missing information from the 
historical period. A monthly average of pan evaporation was found for the 1980-1997 time 
period and then multiplied by the evaporation coefficient for application to the entire reservoir. 
Using this method, a table of values was set up to fill in each month of each missing year. 
 
Missouri River Flows: The final set of data needed for input into the Access model of the 
Kansas River Basin was of the Missouri River flows.  In order to have a total regulated flow to 
check against the target flow at Kansas City, and then further downstream at Waverly, the 
contribution from the Missouri River would have to be combined with the flow from the 
modeled Kansas River Basin.  The COE provided a set of regulated flows for the Missouri River 
at Kansas City without the Kansas River contribution.  The data set was obtained by subtracting 
the observed flows at the Kansas River at Kansas City from the current condition Missouri River 
flows at Kansas City.  
 
Access Model Routing: Once the input parameters were defined and obtained, the Access model 
was constructed to determine the reservoir releases for the entire time period.  As mentioned 
earlier, a procedure was followed repeatedly to check acceptability of releases from each 
reservoir.  The releases were eventually determined for the day, new elevations were set to begin 
the next day, and the process started over. 
 
The Middle Kansas System and Lower Kansas System were completed in two separate steps.  
All releases were determined for Kanopolis, Wilson, and Waconda and the resultant flows were 
computed down to the Fort Riley gage (separation point between the two systems).  Then, with 
those flows set for the entire study record, the releases were determined for the Lower Kansas 
System reservoirs. 
 
It was felt that a simple streamflow routing technique was adequate for the Access model 
because there would be a time savings without greatly influencing the results.  Again, this model 
was used only to determine reservoir releases; the final routed flows were to be calculated in the 
HEC-HMS model with a more sophisticated routing approach.  With that in mind, investigation 
resulted in the use of the successive average lag routing method.   
 
As an indicator of the enormous amount of data involved in the Kansas River Basin modeling 
and the complexity of the overall reservoir regulation, the Access model computation run time 
was relatively long.  Even with attempts to optimize input and output time, the computational 
time for the study period from 1919 to 1997 was approximately 22 hours for the Middle Kansas 
System model. The Lower Kansas System required about 35 hours of computation time.  
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HEC-HMS Model for Regulated Analysis: The HEC-HMS daily flow routing model 
developed for the Kansas River system as part of the observed and unregulated flow tasks was 
used in the final step of the regulated flow task.  The unregulated flow model extends from the 
Kanopolis, Wilson, Waconda, Harlan County, Tuttle Creek, Perry, and Clinton Reservoirs to the 
confluence with the Missouri River. The model was simplified by removing reservoir holdout 
and depletion inputs.  In addition, the reach above Milford up to and including Harlan County 
Reservoir was removed.  The latter was done because releases were already determined in the 
Access model for Milford, making it the starting point in the HEC-HMS model for the 
Republican River. Releases for each reservoir, as given by the Access model, were input at the 
respective upstream nodes and the model was run. 
 

DISCUSSION 
 
The following figure illustrates the difference between the calculated regulated and actual 
observed hydrographs.   These hydrographs demonstrate the effects regulation has on the flows.   
Actual observed peaks during the 1951 flood event were much higher than what would have 
occurred had all the reservoirs been in operation.   As of 1951, only five of the 18 reservoirs 
were in place.    

 
Figure 3: Comparison of calculated regulated and actual observed hydrographs 
 
Figure 4 illustrates the difference between the calculated regulated and calculated unregulated 
hydrographs.  These hydrographs demonstrate the difference between 1919 and the current level 
of development on the Kansas River basin.  A verification analysis was completed to ensure that 
volume is conserved between the unregulated and regulated flows.  It was found that the total 
volume for the unregulated flow was approximately four percent greater than the regulated flow 
volume, which was considered acceptable.    
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Figure 4: Comparison of calculated regulated and calculated unregulated hydrographs 
 

APPLYING THE STUDY RESULTS 
 
As discussed previously, the principal reason for undertaking this study was a need by the COE 
to reevaluate the flood flow frequency estimates on the Missouri River.  This COE study is a 
cooperative effort of five separate COE Districts.  The study is known as the Upper Mississippi 
River System Flow Frequency Study, or UMRFFS.  This study of the Kansas River Basin was 
undertaken as one segment of that overall study within the Kansas City District portion of the 
Upper Mississippi-Missouri River Basin. 
 
The 60,600 square mile Kansas River basin has a strong influence on the overall hydrology of 
the 367 miles of the Missouri River downstream of the mouth of the Kansas River.  In fact, all 
serious floods on the lower Missouri River have a strong component of Kansas River flow.  The 
second highest flood on the lower Missouri River (1951) was generated almost entirely by 
Kansas River outflows.  Because of the strong effect of Kansas River outflows, and the 
significant number of flood control reservoirs in that basin, the basin outflows under both 
unregulated and regulated conditions were critical to the estimation of flood frequencies on the 
lower Missouri River, and also the frequency estimates on the Mississippi River downstream of 
St. Louis. 
 
The computational procedure used to develop these flow frequencies on the lower Missouri 
River is briefly described as follows.  First the daily outflows from the Kansas River Basin (as 
produced in this study) were combined with daily flows from the upstream portion of the 
Missouri River Basin, and routed downstream to the mouth.  This was done for both unregulated 
and regulated flow data sets.  Next, the annual peak flows from each data set were extracted at 
each of the four Missouri River stream gages downstream of the Kansas River.  Using this set of 
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annual peaks, frequency curves for unregulated conditions were developed at each gage using the 
Log Pearson III procedure.  Then a relationship between unregulated and regulated peak annual 
flows was developed at each gaging station.  This relationship was applied to the flow frequency 
estimates derived for the unregulated flows, producing the desired flow frequency curves for 
regulated conditions.  This process is described in Chapter 3 of Engineer Manual EM 1110-2-
1415. 
 
The unregulated and regulated flow Missouri River data sets were passed downstream to the St. 
Louis District for use in their Mississippi River Frequency Studies. 
 
The flow frequencies for the Kansas City District portion of the Missouri River are complete.  
They are scheduled to be published in the Upper Mississippi River System Flow Frequency 
Study, HYDROLOGY, Appendix E, Kansas City District 2002.  The flow frequencies published 
in this report have superceded the frequency estimates previously used on the Missouri River, 
which were published in 1962. 
 
This Kansas River Basin Study not only produced useful information for the main stem of the 
Missouri River, but it generated both unregulated and regulated flow records for many stream 
gaging stations within the Kansas River Basin.  Because there is also a need for updated flow 
frequency information on the main stem of the Kansas River, the data developed in this study 
was used to produce a similar study of frequencies for four gages on the Kansas River itself.  The 
process was the same used in the UMRFFS study, with some minor modifications.  The resultant 
study has been published by the COE-Kansas City District and is available in limited 
distribution. 
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Abstract: Many dams will be decommissioned in the US and around the world in the future.  
One key element in a dam decommissioning project is managing the sediment stored upstream of 
the dam.  To address the sediment transport issues following the dam removal, we developed 
Dam Removal Express Assessment Models, or DREAM, for two common cases according to the 
type of sediment deposit in the reservoir: DREAM1 for reservoir deposits composed primarily of 
non-cohesive sand and silt, and DREAM2 for reservoir deposits composed primarily of gravel 
(at least in the top layer of the deposit).  The models are designed to use the minimal amount of 
data and thus, allow for quick assessment of sediment transport following the removal of dams.  
The models can be used by geomorphologists and hydraulic engineers who are interested in 
sediment transport issues associated with dam removal. 

 
INTRODUCTION 

 
Citing U.S. Army Corps of Engineers, Bureau of Reclamation, Tennessee Valley Authority and 
other sources, The Guidelines for Retirement of Dams and Hydroelectric Facilities (the 
Guidelines hereafter, ASCE, 1997) stated that there were more than 75,000 dams in the U.S. in 
1996.  The majority of these were built in or before the 1960s, and are now approaching or 
exceeding their average designed life expectancy of about 50 years.  In light of the aging of these 
facilities and in light of economic and ecological considerations, some dams have been 
decommissioned and removed, and many more may be removed in the future.  As pointed out in 
the Guidelines, the key element in a dam removal project is usually sediment management, 
which normally constitutes more than a third of the total dam removal cost.  The Guidelines 
listed three sediment management options associated with dam removal: river erosion, 
mechanized removal, and stabilization, each with different advantages and disadvantages.  
Overall, mechanized removal has the least impact on the downstream geomorphic/ecological 
system but has the highest cost.  In contrast to mechanized removal, the river erosion option has 
the greatest downstream impact but the lowest cost.  Within each individual option, there may be 
many implementation alternatives, and each of them may have different downstream impacts and 
project costs.  In the river erosion option, for example, the dam can be partially or completely 
removed by either a one-shot removal or a staged removal.  The choice of removal options and 
the variety of design alternatives within each option are largely determined by the predicted 
downstream impacts of the sediment release, as well as the confidence level of the predictions. 
 
Because dam removal is a relatively recent issue, and because of the complexities involved in 
sediment transport following dam removal, a sediment transport model designed to simulate dam 
removal and the eventual fate of the reservoir sediment has not been available to the public.  
Instead, engineers and geomorphologists have been using sediment transport models that were 
developed for other purposes to address the problem.  For example, HEC-6, in combination with 
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several other reservoir erosion models, was used to model the removal of the Elwha Dam and 
Glines Canyon Dam on the Elwha River, WA (Bureau of Reclamation 1996).  The problem with 
such a modeling exercise is that the sediment transport model used for simulation, HEC-6 in this 
particular case, was not developed for simulation following the removal of a dam, and thus, is 
not capable of simulating the steep slope at the vicinity of the dam, immediately following the 
dam removal.  A practice modelers have adopted to overcome such a problem is to model the 
reaches upstream and downstream of the dam separately.  That is, reservoir erosion upstream of 
the dam is simulated independently, and the results are used to define the upstream boundary 
condition for the simulation of the downstream reach (e.g., Bureau of Reclamation 1996).  This 
practice, however, is valid only if the upstream and downstream reaches of the dam are separated 
by the remaining portion of the dam.  That is, the combined models cannot be used for the 
simulation of a one-shot removal, nor can they be used for simulation of the later stages in a 
staged removal.  In those cases, the deposition downstream of the dam greatly affects the erosion 
and transport of sediment in and upstream of the reservoir, and thus the independent simulation 
of reservoir erosion upstream of the dam becomes invalid. 
 
To simulate the potential removal of the Soda Springs Dam on the North Umpqua River, OR, 
and the Marmot Dam on Sandy River, OR, Stillwater Sciences developed two customized 
numerical models that specifically address the sediment transport issues following the removal of 
the dams (Stillwater Sciences 1999, 2000, Cui and Wilcox 2002).  In the Soda Springs Dam case, 
the reservoir deposit is composed primarily of sand and silt, and the river downstream of the dam 
is a high-gradient bedrock-dominated gravel-bed channel (Stillwater Science 1999).  In the 
Marmot Dam case, the reservoir deposit is stratified with the top layer of the deposit composed 
of a mixture of gravel and sand, and the bottom layer composed of primarily sand and silt.  The 
Sandy River downstream of Marmot Dam is a high-gradient bedrock-dominated gravel-bed 
river, with a gradual transition further downstream to a lower-gradient gravel-bed river 
(Stillwater Sciences 2000, Cui and Wilcox 2002). 
 
The Dam Removal Express Assessment Models (DREAM) presented here are modified and 
improved from the Soda Springs Dam and the Marmot Dam models.  There are two models in 
the package: DREAM1 simulates sediment transport following the removal of a dam behind 
which the reservoir deposit is composed primarily of non-cohesive sand and silt, and DREAM2 
simulates sediment transport following the removal of a dam behind which the top layer of the 
reservoir deposit is composed primarily of gravel.  Channel characteristics can include any 
combination of bedrock, gravel-bed and sand-bed rivers for a DREAM1 simulation, and a 
combination of bedrock and gravel-bed rivers for a DREAM2 simulation. 
 

GOVERNING EQUATIONS 
 
Flow and Resistance: Flow is calculated with a combination of standard backwater equation 
and quasi-normal flow assumption based on local Froude number. 
 
For low Froude number flows, the standard backwater equation is applied: 
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For high Froude number flows, the quasi-normal assumption is applied: 
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where Froude F number is defined as 
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where h denotes water depth; u denotes velocity averaged over the cross section; x denotes 
downstream distance; S denotes local channel slope; Sf denotes friction slope and g denotes 
acceleration of gravity. 
 
Friction slope Sf is calculated with Brownlie’s resistance relation (Brownlie 1982) in DREAM1 
and Keulegan resistance relation in DREAM2.  Brownlie’s resistance relation is not presented 
here; interested readers are referred to the original reference and Cui and Wilcox (2002) for 
detail.  The Keulegan resistance relation used in DREAM2 is given below: 
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where ks denotes roughness height, which is slightly modified from Parker (1990a,b) by Cui et 
al. (1996): 
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where Dsg and σsg denote surface layer geometric mean grain size and geometric standard 
deviation.  Note that surface grain size distributions in nearby alluvial reaches are used to serve 
as surrogates in calculating roughness height when applying (5) in bedrock reaches, where no 
surface grain size distribution is available.  At a given discharge Qw, velocity u is calculated by 
assuming a rectangular channel with a channel width that equals the bankfull width of the 
channel Bf: 
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Sediment Transport:  Sediment is classified as bed material load and wash load in DREAM1, 
and bedload, throughput load and wash load in DREAM2.  The bedload in DREAM2 is 
composed of coarse particles generally in the gravel and cobble range (i.e., 2 to 256 mm), and 
referred to here simply as “gravel”.  The bed material load in DREAM1 and throughput load in 
DREAM2 are usually composed of particles in the sand range (62.5 microns to 2 mm), and 
sometimes with a very small fraction of silt (< 62.5 micron) and gravel (> 2 mm), and thus will 
be denoted here as “sand”.  The wash load in both models is usually within the silt and clay 
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range.  The terms “gravel”, and “sand” will make it easier to present the two models together, 
although they do not necessarily represent the entire actual grain size distributions. 
 
Gravel Transport Capacity: The surface-based bedload equation of Parker (1990a,b) is used 
for calculation of gravel transport capacity.  Parker’s surface-based bedload equation recognizes 
the general coarsening of the surface layer over the subsurface, or armoring effect, in gravel-bed 
rivers and uses the surface grain size distribution and shear stress to calculate bedload transport 
rate and grain size distribution.  Parker’s surface-based bedload equation also recognizes that 
finer particles are rather more easily transported than coarser particles (i.e., selective transport).  
The equation has been used in predicting laboratory flume experiments (Cui et al. 1996, 2002b, 
Cui and Parker 1997), the aggradation of the Ok Tedi, a river in Papua New Guinea, due to 
mining operation (Parker et al. 1996, Cui and Parker 1999), and the erosion of a landslide at the 
Navarro River, California (Hansler 1999).  In all those cases Parker’s surface-based bedload 
equation performed satisfactorily.  Details of the Parker’s surface-based bedload equation are not 
presented in this paper.  Interested readers are referred to the original publications. 
 
Sand Transport Capacity: Brownlie’s bed material equation (Brownlie 1982) is used for 
calculation of transport capacity of sand (bed material load for DREAM1 and throughput load 
for DREAM2).  Brownlie’s bed material equation (Brownlie 1982) has been used to model 
aggradation in the sand bed reaches of the Ok Tedi/Fly River system in Papua New Guinea with 
satisfactory results (e.g., Parker et al. 1996, Cui and Parker 1999, Davies 1999).  Details of 
Brownlie’s bed material equation and resistance relation can be found in the original publication 
and in Cui and Wilcox (2002). 
 
The Transport of Wash load: The transport of wash load is not calculated with an equation.  
Instead, it is assumed that wash load will not be deposited in the system following dam removal.  
Wash load is supplied to the system from the upstream end and tributaries as well as from 
reservoir erosion following dam removal.  Upon a dam removal it is assumed that the wash load 
deposit in the reservoir is eroded and transported downstream without redeposition once it is 
exposed to the flow. 
 
The Exner Equation of Sediment Continuity:  In order to apply the surface-based bedload 
equation of Parker (1990a,b), the gravel is divided into several grain size groups, each with a 
representative grain size.  The surface, subsurface and bedload grain size distributions are then 
represented with a volumetric fraction in each grain size group.  The grain size distribution for 
sand is simplified to specification of a geometric mean grain size and geometric standard 
deviation, so allowing the application of the bed material equation of Brownlie (1982).  Note that 
Brownlie’s equation is slightly modified here by replacing the median grain size with the 
geometric mean grain size.  The Exner equation of sediment continuity is applied for sand and 
gravel separately.  The equation also considers the abrasion of gravel and the mass conservation 
of each size group of the gravel.  The treatments for the reaches upstream and downstream of the 
dam are discussed below. 
 
The Exner Equation Downstream of the Dam: The Exner equation of sediment continuity for 
gravel downstream of the dam takes the same form as that in Cui and Wilcox (2002), which has 
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its origin in Parker (1991a,b) and has been used by Cui et al. (1996, 2002b) and Cui and Parker 
(1997, 1998) in various forms. 
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where λ denotes porosity of the channel bed deposit; fG denotes the volumetric fraction of gravel 
in the channel-bed deposit; fsa denotes the volumetric fraction of sand in the gravel bed; QG 
denotes volumetric transport rate of gravel; Qsa denotes volumetric transport rate for sand; ηs 
denotes the thickness of sand deposit; β denotes volumetric abrasion coefficient of gravel; pj 
denotes the volumetric fraction of the j-th range in bedload; Fj denotes the volumetric fraction of 
the j-th size range in the surface layer;  denotes the particle number fraction of the j-th size 
range in the surface layer; fIj denotes the volumetric fraction of the j-th size range in the interface 
between bedload and the channel bed deposit (i.e., the sediment that is in transition between 
bedload and subsurface); and La denotes the surface layer (or active layer) thickness, which is 
assumed to be a constant of 0.5 m for simplicity. 

j'F

 
In addition, ψ is the negative of the traditional logarithm φ-scale: 
 

( )Dog 2l=φ−=ψ               (9) 
 
where grain size D is in mm.  Note that grain size is in ascending order, i.e., D1 (ψ1) represents 
the finest and DN+1 (ψN+1) represents the coarsest size (assuming there are N size groups) in the 
bedload (gravel) grain size range, and grain size Dj (ψj) and Dj+1 (ψj+1) define the finer and 
coarser boundaries for the j-th group. 
 
The surface particle number fraction  in equations (8a), (8b), and (8c) provides an area 
estimate of the relative exposure of each grain size range at the surface (i.e.,  is a reflection of 
how frequently a particle is likely to collide with others).  A relation to calculate  is given in 
Parker (1991a,b) and will not be discussed here in detail. 

j'F

j'F

j'F
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There is no well-established theory to calculate fIj, the volumetric fractions of the interface 
between bedload and channel deposit.  It is believed that in the case of channel degradation, the 
flow mines sediment from beneath the surface layer of the channel bed, and the interface grain 
size distribution should be close to that of the subsurface of the channel bed.  In the case of 
aggradation, the interface grain size distribution should be finer than that of the surface layer and 
coarser than that of the bedload (Parker, 1990b).  Toro-Escobar et al. (1996) assumed that the 
volumetric fraction of the j-th size range in the interface between bedload and the channel-bed 
deposit (fIj) can be characterized as follows in aggradational cases: 
 

jjIj p)1(Ff θ−+θ=               (10) 
 
Toro-Escobar et al. (1996) derived a value of about 0.3 for θ based on analysis of data from a set 
of large-scale laboratory experiments.  Equation (10) and a value of 0.3 for θ is probably not 
applicable for all cases; it is nevertheless used in the model because there is no other dependable 
value to use. 
 
Equation (8a) represents the mass conservation of total bedload (gravel) and Equation (8b) 
represents the mass conservation of the gravel in the j-th size range.  Both equations (8a) and 
(8b) are applied to DREAM2 only.  Equation (8c) represents the mass conservation of sand and 
is applied to DREAM2 in its present form.  Note that the last term on the left hand side of 
equation (8c) represents the 
production of sand from 
abrasion of gravel.  Because 
the sand production from 
gravel abrasion is negligible 
in the case of dam removal 
where the reservoir deposit 
is composed primarily of 
sand, (8c) is applied to 
DREAM1 in a simplified 
form by neglecting the last 
term on the left hand side of 
the equation.  In addition, 
the gravel bed is assumed to 
be in minimal aggradation 
and degradation in 
DREAM1 simulation, and 

thus the term with 

 
Figure 1.  Typical cross section in a reservoir deposit and its 

simplification 

t∂
η∂  is 

also neglected. 
 
The Exner Equation 
Upstream of the Dam: 
Considerations are taken in 
the Exner equation in the 
reservoir (the whole reach 
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upstream of the dam) for the possibility of a deep and wide deposit.  As shown in Figure 1, the 
sediment is assumed to have deposited across the valley and the active channel takes a 
trapezoidal shape with bank slopes at the angle of repose. 
 
In a degradational case, the trapezoidal channel will preserve the trapezoidal shape without bank 
erosion, and the bottom width of the channel will decrease as the channel bed erodes (Figure 2a).  
Once it reaches a predefined minimum bottom width Bm, however, the active channel will erode 
on the two banks in addition to the channel bed, preserving the bottom width and the slope, 
which is assumed to be the angle of repose (Figure 2b).  The minimum bottom width of the 
channel is defined with the estimated bankfull channel width and bankfull depth at the vicinity 
and downstream of the dam, and the assumed bank slope, assuming a trapezoidal channel cross 
section.  In an aggradational case, the active channel will preserve the two banks and deposit 
only on the channel bed (Figure 2c).  Note that the bottom width of the channel increases as the 
channel aggrades. 
 
In aggradational cases or in degradational cases in which the bottom width does not reach the 
minimum width Bm, the Exner equations of sediment continuity take the same forms as equations 
(8a,b,c) except that bankfull width Bf 
needs to be replaced with bottom 
channel width, Bb. 
 
In degradational cases, where the 
bottom width of the channel has 
already reached the minimum width 
Bm, the Exner equation of sediment 
continuity takes the same forms as 
equations (8a,b,c) except that bankfull 
width Bf needs to be replaced with the 
top width of the trapezoidal channel 
Ba: 
 

( )α+=
tan

H2
BB D

ba    (11) 

 
where HD is the depth of the 
trapezoidal channel (not water depth) 
and α is the slope angle of the banks, 
which is assumed to be the angle of 
repose. 

 
Figure 2. Schematic sketch demonstrating 

the treatment of aggradation and 
degradation in the reservoir 
deposit 

The above two sets of equations are combined to solve degradational cases in which the channel 
starts with a bottom width wider than minimum width and transits to the minimum width. 
 
Suspended Sediment Concentration: Suspended sediment is composed of wash load and the 
portion of sand (bed material load in DREAM1 and throughput load in DREAM2) that is in 
suspension.  The criterion set for sediment in suspension is given as follows (van Rijn 1984): 

 7



 

1
u
v

*

s <
κ

                 (12) 

 
where κ is the von Karman constant with a value of 0.4 and vs is settling velocity calculated with 
the procedure given by Dietrich (1982). 
 

MODEL VALIDATION 
 
Because there are no data available for model validation from actual dam removal projects, we 
used the St. Anthony Falls Laboratory (SAFL) sediment pulse experiment Run 4b data (Cui et al. 
2002a, Lisle et al. 2001) for validation of DREAM1 and the Navarro River, CA landslide study 
data (Hansler 1999, Lisle et al. 2001) for validation of DREAM2. 
 
Validation of DREAM1:  The SAFL sediment pulse experiment runs (Cui et al. 2002a) were 
conducted in a 0.5 m wide and about 45 m long flume.  Before the experiments, an initial 
channel slope was established by continuously feeding a constant discharge of 9 l/s and a 
sediment feed rate of 45 g/min.  The sediment used to set up the initial slope was a mixture of 
pea gravel and sand with a median grain size of about 2 mm.  The resulting channel bed was 
slightly armored with an equilibrium slope of about 0.0108.  Upon reaching the equilibrium 
slope, a pulse of sediment was introduced in a section of the flume as shown in Figure 3a.  The 
water discharge and sediment feed rates were then reestablished to their pre-pulse levels.  To 
describe the evolution of the pulse, bed elevations were measured for the rest of the experiment.  
Of all the SAFL sediment pulse experimental runs, only Runs 4a and 4b introduced fine 
sediment pulses, among which Run 4a was a trial run without intense measurements.  The 
introduced fine sediment (sand) pulse for Runs 4a and 4b had a geometric mean grain size of 
about 0.55 mm and geometric standard deviation of about 2.31.  The experimental results for 
Run 4b are given in Figure 3a. 
 
DREAM1 was developed to simulate dam removal in the field and cannot be used to simulate 
flume experiments. We therefore developed a simplified flume version of DREAM1 to simulate 
the SAFL sediment pulse experiment Run 4b.  In simplifying DREAM1, a “fudge factor” was 
built into the model to allow the user to adjust the predicted sediment transport rates.  For 
example, a fudge factor of 1 means that there is no adjustment to the sediment transport rate 
predicted with the Brownlie’s bed material equation and a factor of 2 means that the sediment 
transport rate used in the model is twice of that predicted by Brownlie’s equation.  In general, a 
fudge factor greater than 1/3 to 1/2 and less than 2 to 3 is acceptable for sediment transport 
modeling.  This is because all sediment transport equations usually contain errors on the order of 
a factor of 2 to 3 or higher, judged by the comparison between the equations and the available 
data (e.g. Brownlie 1982). 
 
Numerical experiments indicate that the simulation under predicts sand transport rate.  A fudge 
factor of 2.2, however, reproduced the experimental results satisfactorily as shown in Figure 3. 
 

 8



John Wooster (2002) applied the same simplified DREAM1 to dam removal experiments he 
conducted as part of his graduate research, and came up with the same conclusions that the 
model under predicted sand transport rate and that a factor of 2.5 to 3 gave satisfactory results. 
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Figure 3.  SAFL sediment pulse Run 4b: a) experimental data (Cui et al. 2002a, Lisle et al. 

2001); b) simulation with the simplified DREAM1 and a fudge factor of 2.2 
 
The common conclusion between the simulation of SAFL Run 4b and Wooster’s experiments, 
however, does not necessarily justify a modification to the model by increasing the sediment 
transport rate predicted with Brownlie’s bed material equation (Brownlie 1982) by a factor of 2.2 
to 3.  We believe that the reason that Brownlie’s bed material equation under predicts sand 
transport rate in these two cases is that in both cases, the channels used for the experiments are 
too wide relative to a stable channel width for the given discharges.  The wider channel resulted 
in lateral variations that accelerated the transport of sand due to the non-linear relation between 
sediment transport and shear stress.  In the field case, however, the non-linear effects have 
already been considered in Brownlie’s equation.  In addition, some of those effects may also be 
partially compensated by the fact that only a part of the channel will be transporting sediment 
during any given flow event. 
 
With the above considerations and given that the fudge factor is within the generally accepted 
range, we believe that the model performed satisfactorily.  Further minor adjustment to 
DREAM1 in the form of a fudge factor may be introduced in the future once it has been tested 
with a field case. 
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Validation of DREAM2:  The landslide on the Navarro River, California monitored by USDA 
Forest Service scientists (Hansler 1999, Lisle et al. 2001) is used for DREAM2 validation.  We 
believe that the Navarro data represent the best data currently available on large-scale 
disturbances in gravel-bed rivers.  The data, however, can only be used for validation of bedload 
transport.  No field data are available for validation of throughput load.  The procedures used for 
the calculation of throughput load in DREAM2, however, are essentially the same as those used 
in DREAM1, which was validated earlier with the SAFL sediment pulse experiment Run 4b.  
Note that the fine sediment pulse in SAFL Run 4b resembles throughput load in that it was 
transported over a relatively stable gravel-bed channel. 
 
The Navarro River landslide occurred in March 1995 and mobilized approximately 100,000 m3 
of material from a hillslope adjacent to the river, of which about 60,000 m3 were delivered to the 
river (Hansler 1999).  Monitoring of the river 2 km upstream and downstream of the landslide 
over the next three summers indicated that the sediment from the landslide evolved as a wedge 
that thinned downstream, as shown in Figure 4a (Hanlser 1999, Lisle et al. 2001). 
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Figure 4. Longitudinal profile of the 1995 landslide at Navarro River, California:  

(a) field measurements reproduced from Hansler (1999) and Lisle (2001) with 
data courtesy of Maria E. Hansler and Thomas E. Lisle; and (b) results of 
DREAM2 simulation 

 
Simulation with DREAM2 reproduced most of the major features of the field measurement, 
including: 1) the slight aggradation upstream of the landslide between 1996 and 1997; 2) the 
degradation of the landslide; and 3) the almost indistinguishable change in bed elevation farther 
downstream.  Two features not reproduced by the model are: 1) the aggradation of fine sediment 
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immediately upstream of the landslide between 1995 and 1996 and its subsequent erosion 
between 1996 and 1997; and 2) a hard point at roughly 3.8 km that was not eroded in the field.  
The model did not reproduce the deposition and erosion of fine sediment upstream of the 
landslide because the landslide was treated as “reservoir deposit” in the DREAM2 simulation, in 
which fine sediment deposition was not simulated.  The model did not reproduce the hard point 
downstream of the landslide because the model is one-dimensional and may not be able to 
reproduce some of the local features observed in the field.  For example, a river will scour the 
outer bank of a sharp bend due to the acceleration of the flow, and one-dimensional models are 
unable to account for this kind of two-dimensional effect.  In addition, a dam removal simulation 
starts with a “zeroed profile” as described in Cui and Wilcox (2002), which eliminates 
abnormalities in the initial profile such as the bumpy hard point in the Navarro case.  Even with 
the two features not predicted in the simulation, the overall performance of model adequately 
reproduced the field measurements. 
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ABSTRACT 
 
It is well known that flood quantile estimates derived from flood frequency analysis has some 
degree of uncertainty, because of the limited sample size which is generally available for the 
analysis. In the study reported herein, the uncertainty of the risk of failure is determined by using 
the first order approximation of the variances of the corresponding estimators. The variances of 
the referred risk of failure are determined assuming the GEV as the underlying statistical model 
and using the methods of moments (MOM), maximum likelihood (ML), and probability 
weighted moments (PWM). The derived variances of the estimators of are functions of the 
sample size and the non-exceedance probability. The design life is known to be an important 
factor for determining the uncertainty of the risk of failure of hydraulic structures, and the 
variances of the risk of failure increase as the design life increases. Also, as expected, the 
variances of the risk of failure decrease as the sample size increases. Simulation experiments 
have been performed to assess the applicability of the derived variances of the risk of failure for 
various conditions. As a result, RBIAS and RRMSE decrease as the sample size and the design 
life increase, respectively. And ML gives the smallest RRMSE for relatively large 
nonexceedance probability when the GEV is not skewed, while PWM and ML gives the larger 
RBIAS and RRMSE than MOM does for relatively large nonexceedance probability as skewness 
coefficient are getting closer to 1. And for relatively small nonexceedance probability, PWM 
gives the smallest RRMSE regardless of skewness. Also, it is shown that the skewness 
coefficient has a significant effect on the performance of the risk of failure in the sense of 
RBIAS and RRMSE. 
 

INTRODUCTION 
 
 Many flood related hydraulic structures are typically designed based on specifying the return 
period T, then the design flood magnitude of such structures is obtained from the frequency 
analysis of the annual floods. When a flood related structure has been already built and after 
some years of operation, one wishes to re-evaluate or re-assess the performance of the structure.  
The problem in this case is to determine the return period T or the exceedance probability p=1/T 
for the known capacity of the referred structure.  Furthermore, whether in design or evaluation 
stage, one may be interested in determining the risk of failure or the reliability of the structure.  
Since the available flood sample is of limited size, the estimated parameters and quantiles of the 
distribution have uncertainties.  Quantifying such a uncertainty has been of much interest in 
literature (Kite 1988; Chowdhury and Stedinger 1991).  Likewise, if the problem is to determine 
the return period for a given flood magnitude, because of the same reasons, the return period 
becomes uncertain and consequently the corresponding risk of failure or reliability becomes 
uncertain quantity as well.  While quantifying the uncertainty of the T-yr flood has been 
extensively studied in literature, however, this is not the case with the uncertainty of the risk of 
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failure or reliability.  The purpose of this paper is to propose a procedure for quantifying the 
uncertainty of the return period, risk of failure, and reliability based on the GEV model.  
 

UNCERTAINTY OF THE RISK OF FAILURE 
 
The risk of failure of flood of hydraulic structures such as culverts, bridges and reservoirs is 
directly related to the return period T or exceedance probability p of the design flood. The risk of 
failure can be defined as the probability that the number of floods greater than the design flood in 
a n-year period is greater or equal to one.  Thus, assuming that annual floods are independent 
identically distributed it may be shown that the risk of failure is given by (Yen, 1970) 

n      (1) nn TqpR )/11(11)1(1 −−=−=−−=

where R is a risk of failure, n is a design life, and q is a nonexceedance probability. 
In this paper, a method to quantify the uncertainty in estimates of risk of failure of hydraulic 
structures is considered.  For this purpose, the GEV model is assumed as the underlying 
probability model of annual flood peaks.   
The cumulative distribution function(CDF) of GEV may be expressed as (NERC, 1975)  
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in which 0>α  is the scale parameter, β  is the shape parameter, and  is the location 
parameter, respectively.  These parameters of GEV model can be estimated from the 
relationship between sample data and the population property using several parameter estimation 
techniques.  And let , 
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0x̂ α̂  and  denote such estimators.  For a specified flood design peak 
, the corresponding nonexceedance probability  can be evaluated from Eq. (2) by  
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The estimate of the risk of failure of a hydraulic structure in a n-year period is given as 
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Using Taylor’s series, a first order approximation of the expected value of R̂  can be given by 
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and  in turn, can be approximated by  )ˆ(qE
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If , , and 0x̂ β̂ α̂  are unbiased, the expected value of R̂  are given by  
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Likewise, a first order approximation of the variance of R̂  can be derived as 
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where  notes that the random variables in the derivatives are replaced by their 

corresponding expected values.  From Eq. (3), the derivatives of 

( )μ
R̂  with respect to , 0x α  and 

β  in above approximation are derived as 
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in which . ( )qQ ln−=

The variance and covariance terms in Eq. (8) depend on the selected estimation procedure 
because of the parameter estimators.  In this paper, the methods of moments, probability 
weighted moments, and maximum likelihood are considered. 

 
UNCERTAINTY OF PARAMETERS OF GEV MODEL 

 
Method of Moments : The first, second and third raw(moments about origin) population 
moments of the GEV distribution can be expressed by 
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in which,  is a gamma function. ( )ZΓ
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in which , ,  are the corresponding sample moments, ~ reads “is asymptotically 
distributed as” and TVN is an abbreviation for trivariate normal distribution.  And , 
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of sample moments with sample size  defined by 
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The following series of three transformation steps was used to get the desired asymptotic 
variance and covariance matrix of the parameter estimators of the GEV model.  
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Finally, the asymptotic variance and covariance of the parameters , , and 0x̂ β̂ α̂  are given by  
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where )(Zϕ  is a digamma function. 
 
Method of Maximum Likelihood : The variance-covariance matrix of the maximum 
likelihood estimators of the GEV parameters , , and 0x̂ β̂ α̂  are given by (Jenkinson, 1969) 
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in which,  is a gamma function and ( )ZΓ )(Zϕ  is a digamma function denoted by ( ) ( )ZZ ΓΓ′ / . 
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and the variance and covariance of the parameters of the GEV distribution can be expressed as  
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Method of Probability Weighted Moments : The probability weighted moments (PWM) of the 
GEV distribution can be defined by (Hosking, 1986)  
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and the terms ,  are the asymptotic variances and covariances of the sample 

PWM , defined as (Salas et al., 1994) 
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where  is hypergeometric function denoted by )(ZH ),1;,2(12 ZF −+ βββ . 
Finally, the expected values and asymptotic variances of the risk of failure for the MOM, PWM, 
and ML can be obtained by using the derived formulas.  
 
Comparative Analysis : Comparative analysis has been carried out for the desired asymptotic 
variances based on three different methods, MOM, PWM and ML.  Table 1 gives the 
theoretically derived variance values of the risk of failure for the various nonexceedance 
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probability 0.9, 0.95, 0.98, 0.99, design life =q =n 10, 50, 100, and sample size =N 10, 50, 
100.  As shown in Table 1, the variance of the risk of failure increases as design life increases, 
while it decreases as sample size increases.  For the nonexceedance probability, the maximum 
value of the variance of the risk of failure occurs in larger return period as the sample size 
increases.  Also, The standard deviations determined from PWM give the smallest values while 
MOM gives the largest one among three methods in overall nonexceedance probability, sample 
size and design life.  
 
Table 1. Theoretical Standard Deviation of the Risk of Failure as a Function of , ,  n q N

q =0.90 q =0.95 q =0.98 q =0.99 SAMPLE 

SIZE 

DESIGN 

LIFE 
METHOD 

E(R) )(Rσ  E(R) )(Rσ  E(R) )(Rσ  E(R) )(Rσ  
MOM 3.64E-01 4.55E-01 3.99E-01 3.10E-01 
PWM 2.75E-01 3.10E-01 2.58E-01 2.00E-01 10 
ML 

6.51E-01 
2.90E-01 

4.01E-01 
3.57E-01 

1.83E-01 
3.32E-01 

9.56E-02 
2.70E-01 

MOM 1.82E+00 2.27E+00 1.99E+00 1.55E+00 
PWM 1.37E+00 1.55E+00 1.29E+00 1.00E+00 50 
ML 

9.95E-01 
1.45E+00 

9.23E-01 
1.79E+00 

6.36E-01 
1.66E+00 

3.95E-01 
1.35E+00 

MOM 3.64E+00 4.55E+00 3.99E+00 3.10E+00 
PWM 2.75E+00 3.10E+00 2.58E+00 2.00E+00 

10 

100 
ML 

1.00E+00 
2.90E+00 

9.94E-01 
3.57E+00 

8.67E-01 
3.32E+00 

6.34E-01 
2.70E+00 

MOM 2.40E-03 2.61E-02 7.95E-02 9.26E-02 
PWM 1.82E-03 1.78E-02 5.15E-02 5.99E-02 10 
ML 

6.51E-01 
1.92E-03 

4.01E-01 
2.05E-02 

1.83E-01 
6.61E-02 

9.56E-02 
8.09E-02 

MOM 1.20E-02 1.31E-01 3.98E-01 4.63E-01 
PWM 9.08E-03 8.90E-02 2.58E-01 3.00E-01 50 
ML 

9.95E-01 
9.58E-03 

9.23E-01 
1.03E-01 

6.36E-01 
3.31E-01 

3.95E-01 
4.05E-01 

MOM 2.40E-02 2.61E-01 7.95E-01 9.26E-01 
PWM 1.82E-02 1.78E-01 5.15E-01 5.99E-01 

50 

100 
ML 

1.00E+00 
1.92E-02 

9.94E-01 
2.05E-01 

8.67E-01 
6.61E-01 

6.34E-01 
8.09E-01 

MOM 8.76E-06 1.42E-03 2.05E-02 3.96E-02 
PWM 6.62E-06 9.69E-04 1.33E-02 2.56E-02 10 
ML 

6.51E-01 
6.98E-06 

4.01E-01 
1.12E-03 

1.83E-01 
1.70E-02 

9.56E-02 
3.46E-02 

MOM 4.38E-05 7.11E-03 1.02E-01 1.98E-01 
PWM 3.31E-05 4.84E-03 6.63E-02 1.28E-01 50 
ML 

9.95E-01 
3.49E-05 

9.23E-01 
5.59E-03 

6.36E-01 
8.51E-02 

3.95E-01 
1.73E-01 

MOM 8.76E-05 1.42E-02 2.05E-01 3.96E-01 
PWM 6.62E-05 9.69E-03 1.33E-01 2.56E-01 

100 

100 
ML 

1.00E+00 
6.98E-05 

9.94E-01 
1.12E-02 

8.67E-01 
1.70E-01 

6.34E-01 
3.46E-01 

NOTE : 1.00E+00 value in TABLE for =100 and =0.99 occurs because of its expression format, 
actually it means 0.99997. 

n q

* shape parameter β =0.277596 (for skewness coefficient γ =0),  scale parameter α =1.0, location 
parameter 0 =0.0 x
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SIMULATION EXPERIMENTS 
 
Simulation experiments have been performed to figure out the performances of the derived 
variances of risk of failure based on MOM, PWM, and ML for finite sample size.  For this 
purpose, the location parameter  is fixed to 0 and the scale parameter is assumed to 1.  The 
shape parameter was assumed to 0.277596, 0.1334484, and 0.024546, which correspond to 
skewness coefficients (

0x

γ ) of 0, 0.5, and 1.0, respectively.  Also, sample size N = 10, 50, 100, 
design life n = 10, 50, 100, and nonexceedance probability q = 0.90, 0.95, 0.98, 0.99, 0.995, and 
0.998 are considered in the simulation. 
First, 10,000 data set for the GEV distribution are generated based on the assumed parameter set.  
Then, the relative bias (RBIAS) and relative root mean square error (RRMSE) are computed to 
analyze the performances of the derived formulas of risk of failure based on the methods of 
moments, probability weighted moments, and maximum likelihood. 
The simulation procedures are as follows: 

(1) assume a set of parameter for γ = 0, 0.5, and 1.0, respectively 
(2) compute theoretical expected values and variances of risk of failure 
(3) generate 10,000 data set based on the GEV distribution  
(4) estimate the parameters based on MOM, PWM, and ML for each data set 
(5) compute the risk of failure using the estimated parameters for each data set 
(6) calculate the average and variance from 10,000 computed risk of failure  
(7) calculate RBIAS and RRMSE 

The results from Monte-Carlo simulation experiments are shown in Figs. (a)-(f).  Figs. (a) and 
(b) show the relationships between RBIAS, RMSE and design life =10,25,50,75, 100 of the 
risk of failure for nonexceedance probability =0.99 and sample size =50.  In these figures, 
RBIAS and RRMSE can be observed to increase and decrease, respectively, as design life  
increases.  For RBIAS, PWM >MOM > ML in most cases.  However, MOM gives the largest 
value in relatively large design life 75, when skewness coefficient 

n
q N

n

n ≥ γ  is equal to 1.  For 
RRMSE, ML has the smallest value while PWM has the largest one when skewness coefficient 
γ =0 and 0.5, but ML can be found to give the largest RRMSE among the three estimation 
methods when skewness coefficient γ =1.   
The relationships between RBIAS, RMSE and sample size =10,25,50,75,100 of the risk of 
failure for nonexceedance probability =0.99 and design life =50 are shown in Figs. (c) and 
(d).  They have the similar patterns that RBIAS increases and RRMSE decreases, respectively, 
as sample size increases.  In general, RBIAS estimated from PWM has the largest value and ML 
tends to have the smallest one in case that the skewness coefficient 

N
q n

γ =0, while MOM gives the 
largest one in relatively large sample size( 75) as skewness coefficient N ≥ γ  increases to 1.  
For RRMSE, PWM shows the largest value while ML gives the smallest one when skewness 
coefficient γ  is equal to 0, but this pattern is changed to that ML has largest RRMSE and MOM 
has smallest one as skewness coefficient γ  is getting close to 1.  
FIG (e) and (f) show the tendency that the overall ranges of the absolute of RBIAS and RRMSE 
are getting smaller and larger, respectively, as nonexceedancy praobability q  increases for 
sample size =50 and design life =50.  N n
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Fig. Simulation Results (a) RBIAS vs. Design life of Risk of Failure for =10,25,50,75,100 by MOM, PWM, ML and n
γ = 0, 0.5, 1.0 ( =50, =0.99)  (b) RRMSE vs. Design life of Risk of Failure for =10,25,50,75,100 by MOM, 
PWM, ML and 

N q n
γ = 0,0.5,1.0 ( =50, =0.99)  (c) RBIAS vs. Sample Size of Risk of Failure for =10,25,50,75, 

100 by MOM, PWM, ML and 
N q N
γ = 0,0.5,1.0 ( =50, =0.99)  (d) RRMSE vs. Sample Size of Risk of Failure for 

=10,25,50,75,100 by MOM, PWM, ML and 
n q

N γ = 0,0.5,1.0 ( =50, =0.99)  (e) RBIAS vs. Nonexceedance 
Probability  of Risk of Failure for =0.90,0.95,0.98,0.99,0.995,0.999 for MOM, PWM, ML and 

n q
q q γ = 0,0.5,1.0 

( =50, =50)  (f) RRMSE vs. Nonexceedance Probability  of Risk of Failure for q =0.90,0.95, 0.98,0.99, 
0.995,0.999 for MOM, PWM, ML and 

n N q
γ =0,0.5,1.0 ( =50, =50) n N



As shown in Figs. (e) and (f), ML gives the smallest absolute of RBIAS while PWM gives the 
largest one for 0.98 when skewness coefficient q ≥ γ = 1.  But, in this case, ML generally 
gives the largest absolute of RBIAS for q ≤ 0.95.  And PWM gives the largest RBIAS 
regardless of skewness considered herein.  For RRMSE, it can be shown the patterns of the 
methodological difference of estimated values from MOM, PWM, ML with various 
nonexceedance probability  have little difference with those that can be shown in RBIAS.  
And PWM gives the smallest RRMSE for relatively small noncxceedance probability 

q
q ≤ 0.95, 

whether basic model is skewed or not.  
 

CONCLUSION 
 
In this study, the expected values and asymptotic variances of the risk of failure for the GEV 
distribution have been theoretically derived based on the method of moments, probability 
weighted moment method, and maximum likelihood method.  
The variances of the risk of failure have been shown to be a function of nonexceedance 
probability, sample size, and design life of the given hydraulic structure, which increase as 
design life increases, and vice verse as sample size increases.  And the variance of the risk of 
failure does not increase or decrease with consistency corresponding to nonexceedance 
probability, but the maximum value of the variance of risk of failure occurs for larger return 
period as the sample size increases.  Also, the derived variance by using PWM gives the 
smallest variance among three methods in most cases. 
Simulation experiments have been performed for the risk of failure to assess the applicability of 
the derived asymptotic variances in various conditions.  As the results, ML gives the smallest 
RBIAS and RRMSE among three methods when the GEV distribution is not skewed, while 
PWM and ML give the larger RBIAS and RRMSE than MOM does for relatively large 
nonexceedance probability as skewness coefficient are getting closer to 1.  In addition, it is 
shown that the skewness coefficient makes an important role on the performance of the risk of 
failure in the sense of RBIAS and RRMSE, because it is a function of shape parameter, too. 
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Abstract: The CCHE2D, developed at the National Center for Computational Hydroscience and 
Engineering, The University of Mississippi, is a two-dimensional, depth-averaged, unsteady, 
turbulent flow model with non-uniform sediment transport capability. The model is packaged 
with a mesh generator called NCCHE Mesh Generator and graphical user interface (CCHE2D-
GUI) for pre- and post-processing. The package provides a comprehensive tool for river 
engineering analysis and planning.  The flow and sediment transport capabilities are extensively 
verified both for field and laboratory conditions. 
 

INTRODUCTION 
 

In this paper, the CCHE2D model, developed at the National Center for Computational 
Hydroscience and Engineering, The University of Mississippi, is introduced. The CCHE2D is a 
two-dimensional, depth-averaged, unsteady, turbulent flow and non-uniform sediment transport 
model. The model has been thoroughly verified and validated using variety of field and 
laboratory flume tests including steady and unsteady flow situations. The details of these tests 
along with the comparison between measured and computed results are documented by Jia and 
Wang (2000). The tests show that the model can be applied both to subcritical and supercritical 
flow situations. The boundary conditions at the no flow boundaries and the implementation of 
high order turbulent closure schemes allow the model to accurately predict flow in the vicinity of 
riverine structures including re-circulation zones. 
 
The CCHE2D sediment transport model allows the user to simulate non-equilibrium transport of 
non-uniform sediments. The model includes several transport capacity formulas for total load 
simulation. The user can verify and select the most suitable sediment transport capacity formula 
for the situation in hand. The model also provides the options of simulating sediment transport in 
cases where the transport occurs mainly as suspended-load, bed-load, or total-load. The bed 
material sorting and bed armoring processes are included in the model. In addition, the model is 
capable of simulating cohesive sediment transport. Wu (2001) provides complete details of the 
CCHE2D sediment transport model along with test applications. 
 
The CCHE2D model is packaged with graphical user interfaces that provide mesh generation 
and pre- and post-processing capabilities. The NCCHE Mesh Generator is an interactive mesh 
generator that is capable of generating quality structured meshes for the two-dimensional depth-
averaged models. The graphical user interface (CCHE2D-GUI) provides pre- and post-
processing capabilities for the CCHE2D flow and sediment transport model. The graphical user 
interface can be used for mesh editing (coarsening or refining the mesh), moving nodes in the 
mesh, assigning initial water surface level and bed roughness. The interface facilitates the 
prescription of both flow and sediment boundary conditions for steady and unsteady flow 



simulation. In addition, the interface assists in specifying flow, numerical, and sediment 
parameters required by the flow and sediment transport models. The interface can be used to 
visualize the flow and sediment transport results obtained using the CCHE2D model. The results 
can be displayed as color filled contours, contour lines, or both. The user can plot velocity 
vectors and probe the computed results at any point in the domain. The CCHE2D flow and 
sediment transport models together with the mesh generator and the graphical user interface 
provide a comprehensive river analysis tool. 
 
 

DESCRIPTION OF FLOW MODEL 
 
Governing Equations: The two-dimensional, depth-averaged mass and momentum 
conservation equations used in the CCHE2D flow model are 
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where  is the depth of flow, u and  are velocity components in h v x  and y  directions 
respectively, x  and y  are spatial coordinates, t  represents time, g  is gravitational acceleration, 

 is the water surface elevation, ρ  is the density of water, η xxτ  and yyτ  are normal turbulent 
stresses in x  and y  directions respectively,, xyτ  and yxτ  are shear stresses, bxτ  and byτ  are bed 
shear stresses in x  and y  directions respectively,, and  is a Coriolis parameter. corf
 
The turbulent normal and shear stresses are approximated according to Boussinesq's assumption 
as follows 
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where tν  is turbulent eddy viscosity. 
 



Eddy Viscosity Models: Three methods for calculating depth-averaged eddy viscosity are 
available in the CCHE2D flow model. The first method is based upon depth average expression 
of parabolic distribution of turbulent viscosity and is give below 
 

hut *17.0 κν = ....................................………..........................….................................................(7) 
 
where  is the von Karman's constant and  the shear velocity. The depth-averaged mixing 
length formulation, as given by Rodi (1984), is modified and defined as 
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where  is the depth-averaged mixing length and l β  is the coefficient that recovers Eq. (7) for 
uniform flow conditions (i.e., no velocity gradients). A standard depth-averaged  turbulent 
closure scheme as illustrated by Rodi (1984) is implemented as a third option. 

ε−κ

 
Numerical Scheme: The CCHE2D flow model employs the efficient element, fully implicit, 
numerical scheme to solve the momentum equations. The scheme requires a quadrilateral mesh 
system. A working element is formed around each node. The working element consists of a 
central node (the node at which the variables are calculated) and eight surrounding nodes.  
Quadratic interpolation functions are used to approximate the variables and its derivatives. For 
details of the scheme, the readers are referred to Wang and Hu (1992). The continuity equation is 
solved for water surface elevation by drawing a control volume around the central node of each 
element and applying the integral form of the continuity equation described as 
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where  is the velocity vector, n  is the unit normal to the surface,  is the area of control 
volume, and Γ  represents the surface around the control volume.  

V eA

 
Boundary Conditions: Three types of boundary conditions are identified in the CCHE2D 
model: solid wall boundary; inlet boundary; and outlet boundary. At the wall boundary, the 
normal component of the velocity is set to zero. The user can set a parameter that controls the 
tangential component of the velocity to zero (no slip condition), total slip, or any value in 
between. The model also allows for the application of log-law at the solid boundary. The log-law 
approach allows a partial slip at the wall to accurately predict the shear stress at the wall. For the 
application of log-law or no slip boundary condition, the mesh near the wall should be relatively 
fine to accurately predict the boundary layer profile. For most natural river applications, a total 
slip condition suffices. 
 



At the inlet boundary, the user can specify specific discharge, total discharge, or discharge 
hydrograph. At the outlet boundary, stage, rating curve (stage versus discharge relationship), 
stage hydrograph, or open boundary conditions can be prescribed. The last boundary condition is 
useful when the stage at the outlet cannot be ascertained. The user can specify multiple inlets and 
outlets in a computational domain. 
 
Wetting and Drying: In order to simulate unsteady flow or steady flow in natural channels, the 
model must be capable of handling wetting and drying within the computational domain. The 
model uses critical depth criteria to assess wet and dry regions, that is, if the flow depth at any 
node falls below the critical depth it is considered dry. If at a dry node the water depth goes 
above the critical depth, it is considered wet and flow computations are performed at the node. 

 
DESCRIPTION OF SEDIMENT TRANSPORT MODEL 

 
Governing Equations: The CCHE2D non-uniform sediment transport model simulates the total-
load transport by three different approaches. Total load can be simulated as bed-load in cases 
where the sediment moves mainly as bed-load. It can be simulated as suspended-load where the 
transport mode is in suspension. The third approach, where total-load is simulated as 
combination of bed-load and suspended-load, is used in situations where the sediment is 
transported both as bed-load and in suspension. In addition, the model can simulate bed-load or 
suspended-load transport. The governing equations for the bed-load and suspended-load 
transport whether the sediment transport is simulated as total-load, bed-load, or suspended-load 
are the same. The distinction is based on the transport capacity formula used in each case. The 
governing equations for bed-load and suspended-load transport are described below. 
 
Sediment Transport Equations: The suspended-load transport is determined by the advection-
diffusion equation as give below 
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where u and v are the depth-averaged flow velocities in x- and y-directions, h is the flow depth, 

 is the depth-averaged concentration of kth size class of suspended-load,  is the depth-
averaged suspended-load concentration under equilibrium conditions or the suspended-load 
transport capacity, 

skC ksC ∗

sε  is the diffusivity coefficient of sediment, α is the non-equilibrium 
adaptation coefficient of suspended-load, skω  is the settling velocity of sediment particles, and t 
is the time. 
 
The bed-load transport is calculated by the non-equilibrium transport equation as described 
below 
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where δ is the thickness of bed-load zone, bkc  is the average concentration of bed-load in the 
bed-load zone, bxα  and byα  are direction cosines of bed-load movement that are usually 
assumed to be along the direction of bed shear stress, but are adjusted when taking into account 
the influence of the secondary flow in curved channels,  is the actual transport rate of kth size 
class of bed load,  is the bed-load transport capacity, L is the adaptation length of bed-
material load.  

bkq
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Channel Morphological Change: The bed change is determined using the following equation 
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where  is the porosity of bed material and p′ tzbk ∂∂  is the bed change rate. 
 
Equation of Bed Material Sorting: As the bed material gradation usually varies in the vertical 
direction, the bed material above the non-erodible layer is divided into several layers. The top 
layer is the mixing layer where the variation of bed material gradation is determined by  
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In the above equation mδ  is the thickness of the mixing layer that is related to the flow and 
sediment conditions as well as bed deformation. tzb ∂∂ /  is the total bed deformation rate and is 

given by ∑ = ∂∂=∂∂ N
k bkb tztz 1 , where N is the total number of size classes.  is equal to 

 when 

∗
bkp

bkp 0// ≤∂∂−∂∂ tzt bmδ , and  is the bed material gradation in the subsurface layer 
when 

∗
bkp

0// >∂∂−∂∂ tzt bmδ . 
 
Boundary Conditions and Initial Conditions: In the depth-averaged two-dimensional 
simulation of sediment transport, the inflow sediment discharge must be given at each inlet 
boundary. For sediment transport under unsteady conditions, the time series of inflow sediment 
discharge is needed. In case of non-uniform sediment transport, the size distribution of the inflow 
sediment is also needed. On bank boundaries and other fixed boundaries, such as islands, the 
bed-load transport rate is set to be zero and the gradient of suspended-load concentration normal 
to boundary is set to zero. At the outlet boundary, the calculation of bed-load does not need a 
boundary condition in principle. The gradient of suspended-load concentration along the flow 
direction is set to zero. 
 
The required initial conditions include the initial channel geometry and the initial bed material 
gradation.  The initial bed material gradation must be given for the simulation of non-uniform 
sediment transport. If available, it is useful to provide information about the bed material 
gradation under the bed surface layer. The initial bed material gradation is particularly important 
for scouring and channel stability analysis, but it is less important in case of deposition. 



Numerical Methods: The suspended-load transport equation, Eq. (11), and the bed-load 
transport equation, Eq. (12), are discretized using the efficient element method. The discretized 
equations are solved by the SIP (Strongly Implicit Procedure) method as outlined by Stone 
(1968) or the Gauss-Seidal iteration method. The equations of bed change and of bed material 
sorting in the mixing layer are discretized by finite difference schemes in time. A fully decoupled 
procedure is adopted for flow, sediment transport, bed change and bed material sorting. 
 
Empirical Formulas of Sediment Transport: For a complete computation of sediment 
transport, the sediment transport capacity, non-equilibrium adaptation length, and movable bed 
roughness (if measured Manning’s n is not available) need to be determined by empirical 
formulas and methods. 
 
Non-cohesive Sediment Transport Capacity: From dozens of formulas for the fractional non-
cohesive sediment transport published in last decades, four formulas or module are selected for 
the CCHE2D model. The selection was based on the evaluation studies of many investigators 
and incorporation of the hiding and exposure effect. These four formulas are: the modified 
Ackers and White’s formula by Proffit and Sutherland (1983), the SEDTRA module by 
Garbrecht, Kuhnle and Alonso (1995), a formula published by Wu, Wang and Jia's (2000), and 
the modified Engelund and Hansen's formula by Engelund and Hansen (1967). The user can 
choose the most appropriate formula based on the situation in hand. For further details about 
these formulas, see Wu and Vieira (2000). 
 
Non-Equilibrium Adaptation Length L and Coefficient α: The non-equilibrium adaptation 
length L characterizes the distance in which sediment adjust from a non-equilibrium state to an 
equilibrium state. L is an important parameter in the present model; however, its value is still an 
issue among researchers. Wu, Rodi and Wenka (2000) and Wu and Vieira (2000) have discussed 
the non-equilibrium adaptation length in detail. In the CCHE2D model, the non-equilibrium 
adaptation length is given different values for bed-load, suspended-load, bed-material load, and 
wash-load. 
 
The non-equilibrium adaptation length for bed-load is related to the dimensions of sediment 
movements such as bed forms or gird length. The adaptation length of suspended-load, , is 
determined by 

sL

sks UhL αω= . The non-equilibrium adaptation coefficient of suspended load, α, 
is calculated using Arminini and de Silvio's (1988) method, from which values of α are usually 
larger than one. However, in practice, α has been given dramatically different values, mostly less 
than one, by many researchers.  Han (1980) and Wu and Li (1992) suggested a value of one for 
strong scour, 0.25 for strong deposition, and 0.5 for weak scour and deposition.  The α was given 
very small values such as 0.001 in the Yellow River  by Wei (1999) and the Rio Grande River by 
Yang et al. (1998). In these rivers, sediment concentration is high, and rapid erosion and 
deposition occur often.  In light of the above discussion, α value can also be input by the user in 
the CCHE2D model.  
 
The non-equilibrium adaptation length of bed-material load is set to be the maximum value of 
the non-equilibrium adaptation lengths of bed-load and suspended-load. Because the net 
exchange between wash-load and channel bed is usually negligible, the non-equilibrium 
adaptation length for wash load is set to a large value. 



 
Movable Bed Roughness: The Manning’s coefficient n can be specified by the user according 
to the measured data. If measured data is not available, the Manning’s n can be determined by 
van Rijn’s (1984b) formula or Wu and Wang’s (1999) formula. 
 
Influence of Secondary Flow in Curved Channels: In order to account for the influence of the 
secondary flow on the suspended-load transport in curved channels, dispersion terms are added 
to Eq. (11). These terms originate from depth-averaging the corresponding three-dimensional 
equation. The dispersion terms are evaluated by assuming log distribution in vertical direction of 
main flow velocity. The secondary flow velocity is determined using the approach described by 
Ordgaard (1986). The influence of the secondary flow on bed-load transport is taken into account 
by adjusting the direction cosines of bed-load movement in Eq. (12). 
 
Settling, Erosion, Deposition and Compaction of Cohesive Sediment: CCHE2D provides two 
modeling approaches for the simulation of cohesive sediment transport. The first approach is a 
simple model that considers only the flocculation of cohesive sediment particles in a sediment 
mixture with dominant non-cohesive portion. In this case, non-cohesive sediment transport 
model described above is used and the settling velocity of the flocs is determined by the method 
outlined by Migniot (1989). This simple approach is valid in cases where the sediment has weak 
cohesive properties. 
 
The second approach considers the detailed processes, such as flocculation, deposition, erosion, 
transportation, and consolidation. This approach is used in cases where the sediment has strong 
cohesive properties. The settling velocity of the flocs is determined by an empirical relation that 
considers the influence of sediment concentration on the settling velocity. The deposition rate of 
the cohesive sediment is determined using methods described by Mehta and Partheniades (1975) 
and Krone (1962). The erosion rate of cohesive sediment is determined by a method outlined by 
Partheniades (1965). The consolidation process of sediment deposit is also simulated. The 
variation of dry density of bed material with time is determined using a method described by 
Lane and Koelzer (1953). 
 

APPLICATION EXAMPLES USING CCHE2D MODEL 
 

Flow Simulation Downstream of Lock and Dam: In this study the navigational problems in 
the channel downstream of the Lock and Dam No. 2, located in the Red River, Louisiana, is 
investigated. Fig. 1 shows the bed topography and main features in the channel. The major 
features of the bed topography are rock pile, guide wall, and submerged dikes situated at the 
right bank of the channel. The rock pile divided the channel into two, the left tributary acts as an 
approach channel to the lock, while the flow from the dam moves down the right channel. The 
upstream half of the rock pile is always exposed while the lower half of the rock pile has a crest 
elevation of 15.24 meters (50 feet) and is submerged for the water surface elevation considered 
in this study. A guide wall is located to the left of the rock pile and defines the other boundary of 
the approach channel. The bed topography also shows submerged dikes at the right bank of the 
channel that play an important role in diverting the flow towards the left bank of the channel. 
Two scour holes, one immediately downstream of the rock pile and the other further downstream 



and near the left bank, can clearly be identified in the figure below and show the path of the main 
flow. 

 
Fig. 1 Bed topography of the channel 

 
The boundary conditions of 16.9 m (55.4 feet) water surface elevation at the downstream end 
and a discharge of 2265.4 cms (about 80,000 cfs) at the upstream end of the channel were 
prescribed. A Manning’s coefficient of 0.03, based on the bed material size, was used in this 
study.  

 
Fig. 2 Velocity magnitude and vectors in the channel 

 
Fig. 2 shows the velocity magnitude and velocity vectors in the channel. The simulation was 
performed using  turbulent closure scheme to accurately predict the re-circulation field. A 
large re-circulation zone near the left bank was found to be the main cause of navigational 
problems. The computed results agree quite well with the qualitative observations in the field. 
The results from the model provided insight into the navigational difficulties experienced by the 
barges moving upstream into the lock. The images shown above were produced using the 
CCHE2D-GUI and show the visualization capabilities of the GUI. 

ε−κ



 
Channel Degradation Experiment: Ashida and Michiue (1971) performed experiments to 
investigate bed degradation and armoring processes in a laboratory flume downstream of a dam. 
The experimental flume was 0.8 m wide and 20 m long with a weir at the downstream end to 
control the water surface elevation. The flume bed was filled with non-uniform sediment with a 
median size of 1.5 mm and a standard deviation of 3.47. Clear water with a constant inlet 
discharge of 0.0314 m3/s was pumped into the flume. The initial bed slope was 0.01 and the 
outlet water depth was 0.06 m. 
 
In the initial part of the experiment, from start up to about 100 minutes, the bed scoured 
intensively, afterwards the scouring rate dropped off and an armor layer formed gradually. Fig. 3 
shows the computed and measured scour progression with time at 7 m, 10 m, and 13 m upstream 
from the weir. The computed results show satisfactory agreement with the measured data. 
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Fig. 3 Progression of scour with time 
 
Fig. 4 shows the measured and computed bed material gradations at 10 m upstream of the weir 
after 600 minutes. The figure also shows the initial bed material gradation for reference. The 
computed gradation is that in the mixing layer. Under the mixing layer, the size distribution is 
almost the same as original one. The bed armoring process is predicted well by the model. 
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Fig. 4 Bed material gradation in mixing layer 
 

SUMMARY 
 
The paper introduces CCHE2D model that is developed at the National Center for 
Computational Hydroscience and Engineering, The University of Mississippi. The CCHE2D 
model is a depth-averaged, two-dimensional, unsteady, turbulent flow and sediment transport 
model. The flow model can handle multiple inlets and outlets with variety of boundary 
conditions for both inlet and outlet sections. The options available for the turbulence closure 
scheme add to the versatility of the model. The wetting and drying of the domain during 
simulation allows for unsteady flow computations. 
 
The CCHE2D sediment transport model incorporates variety of transport capacity formula from 
which the user can choose the most suitable formula for the case in hand. The model allows for 
non-equilibrium transport of non-uniform sediment as suspended-load, bed-load, or both. The 
model is capable of both non-cohesive and cohesive sediment transport. In addition, the model 
provides channel morphological change, bed material sorting, and movable bed roughness 
capabilities. 
 
The CCHE2D model includes graphical user interfaces for mesh generation and pre- and post-
processing. The NCCHE Mesh Generator can be used to produce quality mesh for the CCHE2D 
model. The CCHE2D-GUI, a graphical user interface, is provided for pre- and post-processing. 
The GUI can be used for mesh editing, providing initial and boundary conditions both for flow 



and sediment transport, selecting model parameters and computational options, and visualization 
of flow and sediment transport results. The CCHE2D flow and sediment transport model 
together with graphical user interfaces constitute a comprehensive river engineering analysis and 
planning tool. 
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Abstract:  CCHE1D is a one-dimensional flow and sediment transport model for channel 
networks that has been designed to facilitate the combined watershed and channel modeling.  
CCHE1D computes unsteady flows in channel networks, accounting for the influence of in-
stream hydraulic structures, while its sediment transport module computes non-equilibrium 
transport of non-uniform sediment mixtures.  CCHE1D has a sophisticated GIS-based graphical 
interface that manages all input data, facilitates the integration with watershed models and other 
tools, and provides a series of interactive tools for the definition of channel networks, and for 
visualization and basic GIS functionality.  The capabilities of the CCHE1D model system are 
demonstrated using two real-life cases in which the model is used to simulate unsteady flow and 
sediment transport in the East Fork River, Wyoming, and in the Pa-Chang River, in Taiwan. 
 

INTRODUCTION 
 
Modeling hydrodynamics and sedimentation processes in streams at watershed scale requires 
good quality data on water and sediment sources from upland and tributaries.  Because direct 
measurements are usually limited to a few locations, modeling of upland runoff and erosion may 
become an attractive alternative for the estimation of these sources.  CCHE1D is a one-
dimensional flow and sediment transport model for channel networks designed to be used in 
combination with watershed models.  Its hydrodynamics module computes unsteady flows in 
networks of channels of compound cross sections, while its sediment transport module computes 
the non-equilibrium transport of non-uniform mixtures, and the resulting morphological changes. 
 
CCHE1D’s watershed-based approach facilitates the integration of channel modeling to the 
modeling of rainfall-runoff and upland field processes.  The interactive graphical interface with 
GIS features and database management capabilities diminishes the effort required for the 
preparation of input data.  A collection of auxiliary programs, all managed by the interface 
program, automates most tasks related to input data preparation, thus facilitating the application 
of the model to real-life problems. 
 
CCHE1D can be a valuable predictive tool for the evaluation of flow and sedimentation 
processes in primarily agricultural watersheds.  CCHE1D is applicable to the simulation of 
system responses to hydrological processes, agricultural management practices, and man-made 
modifications to the channels or upland areas, such as the inclusion of erosion control structures, 
water diversions, etc.  It can be used as a tool in the evaluation of the long-term channel-
watershed system response to remedial measures for the control of erosion and sedimentation.  
The model is suitable for the determination of local erosion and deposition patterns, as well as 
for the determination of sediment yield. 
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CCHE1D CHANNEL NETWORK MODEL 
 
CCHE1D’s flow module – CCHE1DFL – computes one-dimensional unsteady flows in dendritic 
channel networks of arbitrary cross-sectional shapes.  It simulates channels of compound cross 
sections, differentiating between flows through the main channel and floodplain areas, and uses 
either the diffusive wave model or the dynamic wave model (full Saint Venant equations).  
CCHE1D utilizes the implicit, four-point finite difference scheme of Preissmann, and uses the 
Thomas (double-sweep) algorithm for the solution of the discretized equations (Wu and Vieira, 
2002). 
 
The model contains special routines that simulate the flow conditions in the neighborhood of 
hydraulic structures, such as culverts, grade control (low and high-drop) structures, weirs, and 
bridge crossings.  Usually, in-stream structures determine the local flow hydraulics, therefore 
affecting the erosion and sedimentation processes.  Stage–discharge relationships are derived 
from the flow characteristics for each type of structure and introduced as an intrinsic part of the 
numerical solution algorithm. 
 
The sediment transport module – CCHE1DST – simulates the transport of sediment mixtures 
using a non-equilibrium approach, predicting sediment yields and channel morphological 
changes.  The model computes variations of the bed material gradation by dividing the bed into 
several layers, and simulating hydraulic sorting and armoring processes.  These processes are 
common in natural river systems, and their correct representation is necessary especially for 
long-term predictions of channel evolution.  CCHE1DST offers a variety of formulas for the 
prediction of total-load potential sediment transport rates.  It also contains several methods for 
the determination of auxiliary parameters, such as bed porosity, wash load size range, thickness 
of the mixing layer, and adaptation length for the non-equilibrium approach.  The CCHE1DST 
module also contains an empirical bank-toe erosion model, which is used in conjunction with 
bank stability algorithms to predict bank erosion due to bed degradation. 
 
The CCHE1D channel network model can utilize simulation results generated by rainfall-runoff 
and upland erosion models.  Existing watershed models, such as SWAT (Soil and Water 
Assessment Tool, Arnold et al., 1993) and AGNPS (Agricultural Non-Point Source Pollution 
Model, Bosch et al., 1998) can be used to determine daily runoff and sediment loads, which 
CCHE1D converts into input hydrographs and sedigraphs for the channel simulation.  The 
CCHE1D interface provides tools for the automatic determination of watershed drainage areas 
and the corresponding network of channels.  Data handling programs organize the input data and 
transfer data among the several programs.  CCHE1D is capable of modeling a single channel or a 
network of channels independently from watershed modeling.  Interactive graphical tools allow 
the definition of the basic input data and provide tools for the specification of boundary 
conditions and other simulation parameters. 
 

CCHE1D SOFTWARE 
 
A comprehensive graphical interface based on ArcView GIS 3.2 (Vieira and Wu, 2002) 
facilitates the integration of the channel model with watershed models and other tools.  CCHE1D 
version 3.0 provides two methods for the definition of a channel network for the numerical 
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simulation and the generation of the basic input data for the model.  The first method employs 
the program TOPAZ – TOpographic PArameteriZation (Garbrecht and Martz, 1995) to extract 
the drainage network and the corresponding subbasins through the analysis of elevation data 
from a Digital Elevation Model (DEM) file.  TOPAZ is integrated within the CCHE1D interface, 
which adds support for DEM’s in several file formats and also generates the visualization maps.  
Figure 1 shows the drainage areas and the channel network deduced from terrain elevation 
analysis.  This method is preferred if a rainfall-runoff and upland erosion simulation is planned 
to be used in conjunction with the channel simulation.  CCHE1D auxiliary tools analyze the 
watershed and channel data and establish a connection between upland drainage areas and points 
of inflow into the channels, which allows the transfer of modeling results from the watershed 
simulation to the channel simulation model.  The current version of the CCHE1D model is 
capable of directly importing simulation results from the AGNPS model, although other models 
can be used if the user adapts the watershed model results to one of the data formats supported 
by CCHE1D. 
 

 
Figure 1.  Channel network and sub-basin definition for integrated watershed–channel 

network modeling. 
 
The second method for creation of channel networks provides a graphical interface that allows 
the user to interactively assemble a channel network by simply “drawing” the channels on the 
computer screen.  If a digital image such as a map, photograph, or any other GIS data layer is 
used as reference, the user can follow the visible channels and mark their locations with the 
computer mouse.  CCHE1D algorithms convert the resulting drawing into a logical description 
of the channel network.  If the reference image is associated to a known coordinate system, 
CCHE1D is able to retrieve realistic measurements such as channel lengths, for example.  Figure 
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2 shows the creation of a computational channel for a stretch of the East Fork River, in 
Wyoming.  The channel planform was digitized from a Digital Orthophoto Quadrangle publicly 
available at the Wyoming Spatial Data Clearinghouse (http://wgiac.state.wy.us/wsdc/). 
 

 
Figure 2.  Channel network interactively digitized based on a digital orthophoto quadrangle 

of the East Fork River, Wyoming. 
 
Data from either of the methods for creation of channel networks are further processed to build a 
logical representation of the channel-watershed system.  Besides the determination of obvious 
physical elements such as lengths, slopes, areas, etc., a topological description of the system is 
established in order to allow the transfer of information among the several programs of the 
CCHE1D system.  This logical description is used not only by the channel and watershed 
models, but also by a number of tools that implement automated data analysis methods, which 
include the generation of computational meshes, transfer of simulation results between models, 
etc. 
 
Database management techniques are used to maintain all input data current.  These programs 
respond to user interaction and update the necessary data elements.  For example, if the user 
modifies the computational mesh through the graphical interface, the database is automatically 
updated to reflect the changes.  The maps that represent the channel reaches, computational 
nodes, and sub-basins are also redrawn according to the contents of the CCHE1D database. 
 
For version 3.0, the CCHE1D graphical interface has been redesigned, and many new features 
have been added.  New input data management tools facilitate the input of channel data such as 
cross section geometry and sediment data for channel bed and banks.  The user can also add, 
remove, or edit the characteristics of in-stream hydraulic structures.  Several interactive tools are 

 4



now available for the refinement of the computational grid used in the channel simulations.  The 
interface allows the specification of all simulation parameters and options, and it controls all 
programs of the CCHE1D software in response to user interaction.  The new interface also 
includes the option of executing the channel simulations remotely on the NCCHE servers, and it 
executes the transfer of data between the client computer and the NCCHE high-performance 
server. 
 

APPLICATIONS 
 
The CCHE1D model has been applied to the simulation of a variety of engineering problems.  
Two applications were selected as a demonstration of its predictive capabilities.  Both include 
the simulation of natural hydrographs with sediment transport.  These particular applications 
were chosen because they exemplify the types of engineering problems CCHE1D can analyze, 
and because good quality data sets were available, allowing an objective evaluation of the 
performance of the CCHE1D model.  
 
East Fork River, Wyoming:  The East Fork River in southwest Wyoming was used as an 
experimental river for bed load transport studies during the 1970’s.  A 3.3 km-long reach 
terminating into a bed-load trap was set up for the experiments, where detailed measurements of 
flow and sediment transport were conducted.  In this reach, shown in the aerial photograph of 
Figure 2, sediment transport occurs mainly as bed-load. 
 
The channel planform was digitized from a one-meter resolution Digital Orthophoto Quadrangle 
(DOQ), that is, an aerial photograph that was rectified to eliminate distortions due to camera tilt 
and relief.  The CCHE1D Channel Digitizing Interface was used to create the basic channel data.  
The computational domain was built using CCHE1D’s interactive tools for mesh editing.  Figure 
2 shows the 41 cross sections defined for the simulation, which correspond to the locations in 
which field measurements were taken.  The position of each cross section was defined 
interactively through the graphical interface, which in the process created a database containing 
the input data required by the model.  Cross section profiles obtained from field surveys were 
organized into a data file and then imported into the CCHE1D database.  A similar procedure 
was adopted for the specification of sediment data, such as the composition of the bed material 
along the channel. 
 
The CCHE1D channel model was used to simulate a 31-day period, from May 20 to June 19, 
1979, with a computational time-step of 15 minutes.  During this period, flow was characterized 
by diurnal fluctuations in water discharge due to snowmelt, with peak discharges occurring mid-
afternoon.  Initially, the model was used to calculate water surface profiles along the simulation 
reach.  Comparison with available measurements allowed the calibration of the channel 
roughness that was used in the subsequent simulations.  Figure 3 shows the measured and 
calculated water surface profiles on May 27 and June 1. 
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Figure 3.  Measured and calculated water surface profiles for the East Fork River, 

on May 27 and June 1, 1979. 
 
Figure 4 shows the time series of measured and computed flow discharges at the outlet of the 
experimental reach, which demonstrates the simulation results are in good agreement with the 
measured hydrographs. 
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Figure 4.  Measured and calculated time series of flow discharge at the outlet 

of the experimental reach of the East Fork River. 
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Figure 5.  Measured and calculated sediment discharges at the outlet of the experimental 

reach of the East Fork River. 
 
Figure 5 shows the computed sediment discharges at the outlet of the simulation domain.  It is 
clear that the measured values do not match the variations in flow discharge measured during the 
first 10 days of observation, shown if Figure 4.  After that period, computed and measured 
sediment discharges agree very well, responding to the observed variations in flow discharge. 
 
Pa-Chang River, Taiwan:   
 
The 80 km-long Pa-Chang River is one of the most important rivers in south Taiwan.  With its 
steep channels and an annual rainfall in excess of 2200mm, the Pa-Chang watershed is subject to 
intense channel erosion and flooding.  As part of a governmental plan of erosion control and 
flood mitigation, a comprehensive measurement and monitoring campaign was put in place 
between 1995 and 1998.  The CCHE1D model was used to simulate flow, sediment transport, 
and the consequent bed evolution in a 36 km-long reach upstream of the Yi-Chu Station, located 
15.9 km upstream of the river estuary. 
 
The study reach was represented by 77 cross sections measured in 1995.  The bed-material size 
distribution measured in 1987 was used as the initial condition, because it was the most complete 
data set.  Water discharge at the upstream end of the simulation domain was determined based on 
data available from the upstream Ren-Yi-Tan Dam.  The inflow discharge from the eight main 
tributaries was not directly simulated, but their flow and sediment was considered as side inflows 
to the main channel, based on amounts estimated from measurements taken at several locations 
of the Pa-Chang River, accounting for the different drainage areas and the recorded rainfall. 
 

 7



4 0 4 8 12 16 20 Kilometer

Pa-Chang River

s

 
Figure 6.  Pa-Chang River.  Channel network and watershed delineation extracted 

from a Digital Elevation Model with 30-meter resolution. 
 
Figure 7 shows the measured and computed values of flow discharge at the Jun-Hui Bridge 
Station, at the downstream end of the simulation domain.  The figure represents a series of 
storms recorded in the period 1995-1998. 
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Figure 7.  Pa-Chang River.  Measured and computed flow discharges at the outlet 

of the simulation domain. 
 
The CCHE1D model was used to analyze several scenarios in which different numbers of 
channel stabilization structures were introduced along the river.  In the scenarios simulated, the 
channel geometry measured in 1998 and the bed-material size distribution measured in 1987 
were used as initial conditions.  The time series of incoming flow and sediment discharges 
measured between 1995 and 1998 data were repeated twice to obtain results for a period of about 
10 years.  The initial and simulated channel thalwegs are shown in Figure 8.  It was found that 
for the scenario without grade control structures, very large erosion would occur.  The second 
scenario included 6 structures already built near the Hsin-Soun Bridge (50.7 km from the 
estuary), but erosion still existed in the upper part where the effect of the installed structures 
could not reach.  In scenario 3, which included 18 structures, the channel was stabilized near the 
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Hsin-Soun Bridge as well as in the upstream part.  Erosion continued to exist downstream of 
some structures.  The reason might be that no coarse sediment (bed load) was supplied at the 
inlet of the simulation reach (inflow sediment data were not available), and the fine particles on 
the bed might have been entrained into the flow and carried downstream. 
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Figure 8.  Influence of channel-stabilization structures on bed erosion, 

for a period of ten years. 
 

CONCLUSIONS 
 
The CCHE1D channel network flow model is capable of simulating the dynamic effects of 
natural flood hydrographs, and its procedures for computation of flow through hydraulic 
structures ensure their influence is properly represented.  The sediment transport sub-model is 
capable of high quality predictions that include the effects of flow unsteadiness, non-equilibrium 
transport, non-uniformity of bed sediment, and sorting and armoring phenomena.  The bank 
erosion and bank stability modules account for the extra source of sediment due to channel 
widening. 
 
When coupled with rainfall-runoff and upland erosion modeling, CCHE1D can provide a better 
assessment of erosion and sediment processes in a watershed.  While the upland area simulation 
provides spatially distributed estimates of water and sediment loads which are prescribed as 
inputs to the channel simulation, the CCHE1D channel flow model computes flood propagation 
and other in-stream processes more accurately.  Therefore, the combination of the two modeling 
efforts has the potential of producing more accurate computations of the water and sediment 
budgets of a watershed.  The use of a GIS-based integrated system substantially reduces the 
effort dispensed in the preparation of input data for the models, allowing for a higher degree of 
spatial discretization, which results in a better description of the channel–watershed system. 
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A water quality module, CCHE1DWQ, is being developed for the integrated watershed–channel 
simulation of transport and fate of pollutants in primarily agricultural watersheds.  The new 
capabilities are being designed to address problems encountered in the definition of sediment and 
nutrient TMDL’s, and to determine how BMP’s affect the quality of stream waters. 
 
CCHE1D version 3.0 is currently available to participants of the NCCHE Beta-Testing Program.  
For more information on how to become a beta-tester or on how to contact the model developers, 
please refer to the NCCHE web site at http://www.ncche.olemiss.edu/cche1d. 
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Verification of National Weather Service River Stage Forecasts 
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Silver Spring, MD 

 
Abstract: The National Weather Service (NWS) has initiated an effort to verify the river stage 
forecasts issued by the NWS River Forecast Centers.  This effort has brought to light the 
difficulties associated with evaluating river forecasts at single points and aggregating scores over 
multiple points.  As a first step toward developing a coherent set of statistics that effectively 
capture the quality of a forecast sample set, the NWS has started collecting data and evaluating 
statistics to be used to analyze the data.  Simple statistics such as the maximum error, root mean 
squared error, and average error are considered, while the more traditional meteorological 
measures, such as probability of detection and false alarm rate, are also calculated.  Furthermore, 
more sophisticated distributions based approaches and transformations such as the normal 
quantile transform are also investigated.  A demonstration of a software package designed to 
enable forecasters to answer some of these questions will be provided. 
 

INTRODUCTION 
 
Verifying River Forecasts at the National Weather Service (NWS):  Verification is an 
essential part of forecasting.  Analyzing how well forecasts compare to observed values will 
improve forecasts and will provide a better idea of where to focus resources.  Analyzing 
verification results can shed light on what type of environments are more difficult to model and 
therefore, need further study.  Unlike verification of meteorological forecasts, there are no well-
defined procedures for verifying river forecasts.  Recently, the NWS River Forecasting Centers 
(RFCs) began collecting data and using software developed at the RFCs and the Office of 
Hydrologic Development (OHD) for river forecast verification.  One component of OHD 
developed software that incorporates some of the verification procedures in meteorology is the 
Interactive Verification Program (IVP).  The IVP computes different statistical measures and 
displays the results in a variety of graphical formats. It allows an RFC forecaster to make 
objective evaluations of their forecasts and share their results with other RFCs and the public. 
One of the goals of the NWS Hydrologic Verification Program is to determine which statistics 
are best suited for aggregation across numerous forecast points with the goal of being able to 
characterize the hydrologic forecast skill on a national basis.  Although the current system can 
compute statistics for any number of forecast points and forecast-observation pairs, it is not clear 
which statistics are best suited for the characterization of forecast quality on a national scale. 
 
  

INTERACTIVE VERIFICATION PROGRAM 
 
Analyzing Verification Results in the IVP: Analyzing forecast-observation pairs in the IVP 
begins with a simple scatter plot.  The data for each forecast point are displayed as a different 
color and symbol so outliers can be identified. The scatter plot provides an initial comparison of 
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forecast point quality.  It also helps forecasters identify forecast points with obvious biases 
possibly related to model parameters or inputs.  After visually inspecting the scatter plot, the user 
determines which of the forecast points to analyze in greater detail. 
 
In the next step in the analysis the users select regions for data stratification.  Each region is a 
conditional distribution as described in Murphy and Winkler (1987).  The conditional 
distributions are based on p( f | o ) or p( o | f ) where o and f are the observations and forecasts 
depending on whether the user decides to create intervals using the range of observed or 
forecasted values.  For each region, a set of statistics is computed and displayed.  Figure 2 shows 
some of the more traditional verification measures (Root Mean Square Error, Mean Absolute 
Error, Mean Error, and Maximum Error) for each category.   
 
Figure 3 displays some other measures commonly used in meteorological verification 
(Probability of Detection (POD), Traditional False Alarm Rate (TFAR), and Average Lead Time 
of Detection) also based on the regions the user has selected, as well as some hydrological 
adaptations of these scores (Hydrologic False Alarm Rate (HFAR), Under Forecast Rate (UFR), 
Over Forecast Rate (OFR), and the Average Lead Time of Detection).  Computing these 
measures consists in arranging observation and forecast data into a three category contingency 
table (Table 1), and then aggregating the data to calculate different percentages.   
 

• The POD for a region is computed as the percentage of times when the forecast was for 
that category and the observed is also in that category. 

[E/(B+E+H)] 
 
•  The TFAR for a region is computed as the percentage of times a forecast is within an 

interval but the observation is not. 
[(D+F)/(D+E+F)] 

 
• The HFAR is an adaptation of the TFAR to make it more hydrologically relevant.  It is a 

measure of the number of times a forecast falls below a particular category and it is 
computed as  

[D/(D+E)] 
 
• The UFR is the number of times the observed is within the interval and the forecast is 

below the interval, divided by the number of times the observed is within the interval. 
H/(B + E + H). 

 
• The OFR is the number of times the observed is within the interval and the forecast is 

above the interval, divided by the number of times the observed is within the interval. 
B/(B + E + H). 

 
• The Average Lead Time of Detection is computed as the average lead time of all 

forecasts that fall into the correct observed category. 
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 Observed was...   
Forecast was... Below Within above 

above A B C 
within D E F 
below G H I 

 
Table 1: Three Category Contingency Table 

 
 There are also distributions based measures the forecaster can use to take a further look at the 
conditional distributions of the forecasts-observation joint distribution.   This distributions 
oriented approach follows the work of Murphy and Winkler (1987).  The focus in this sort of 
evaluation is on characterizing the distinctness of each conditional distribution.  If the 
conditional distributions are similar, then the forecasts have little skill, while conditional 
distributions that are dissimilar indicate skill.  The degree of similarity and the variation in the 
conditional distribution characteristics can be used to assess the overall forecast skill. 
 
 The first plot in this series is a box and whisker plot.  It provides a summary of the conditional 
distributions and by inspection one can determine if the conditional distributions tend to lie one 
atop the other, or if they appear distinct.   The second shows the actual conditional distributions, 
which provide the most complete look at the forecast-observation relation.  However to the 
uninitiated, these plots are barely readable.  Recently, computation of the Kolmogorov-Smirnov 
two-sample test statistic was added to IVP.  This distributions based measure determines whether 
the observation and forecast distributions are statistically different for a pre-defined level of 
significance. 
 
 

EXAMPLE 
 
The following example will illustrate the process.  Consider a set of forecasts and observations 
with lead times up to three days over a three month period.  The forecasts are from forecast 
points on different rivers which have different flow regimes and flood heights.  The samples for 
each forecast point appear to be from different distributions making it difficult to aggregate 
verification scores from single forecast points into regional values.  The Normal Quantile 
Transform (NQT) (Kelly and Krysztotowicz, 1997) has been investigated as a means of 
normalizing the data, but the process is limited because there is insufficient climatological data.  
Other transforms are possible; for example rating curves can be used to move the stages into 
flows.  However, changes to the rating curves make this transformation difficult to implement.  
With all normalizations, it is difficult to transform the data back to stage because it is not clear 
how to transform error measures in a normalized space back to stage because the computed 
statistic is a derived value.  It may be necessary to provide users with unit independent measures, 
but in general it is desirable to provide skill measures in the units of the forecast. 
 
In order to simplify the selection of points to be analyzed from the scatter plot, the forecast 
points are identified by color and symbol as is shown in Figure 1.  A single point from the 
Alaska River Forecast Center is selected.  It has aggregate statistics of RMSE = 0.8, Mean Error 



  

 4

= -0.1.  In many instances, the RMSE and Mean Error are used to define the quality of forecasts 
for a research simulation.  As will be demonstrated these two statistics are not sufficiently 
informative to characterize of the skill of the forecasts at this location. 
 

 
 

Figure 1: Scatter plot for multiple forecast points 
 
The importance of looking at categories within the total sample of forecasts becomes very clear 
when the forecasts for this sample are divided into 7 equal regions along the observed axis (these 
are the distributions p( f | o )) with sample sizes varying from 500 at the low end of the forecast 
range to 30 sample points at the high end.  Figure 2 shows the traditional statistics computed for 
each range. 
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Figure 2: Error by region for one forecast point 

 
 
The tendency to under-forecast the larger events becomes clear from this simple categorization.  
This tendency is not captured in the large aggregate and it is the sort of information that can help 
forecasters focus their efforts to improve the forecast process.  It is necessary to break the sample 
into smaller distributions in order to see the important higher forecasts.    
 
Another traditional set of statistics is the set of the categorical statistics such as POD and FAR.  
Figure 3 shows the PODs and FARs for the categories.  These statistics also indicate that forecast 
skill decreases with the height of the forecast.  The Average Lead Time of Detection is very low 
at the highest category.  The POD decreases and the FAR increases as the observed flow 
increases.  However, these statistics exhibit much more noise than the previous measures.  In 
other words, the trends are less clearly identifiable.  
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Figure 3:  Categorical statistics for one forecast point 

 
The next two figures show the conditional distributions themselves and statistics describing those 
conditional distributions.  In Figure 4 the over forecasting at high stages becomes apparent at this 
scale as well.   
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Figure 4: Characteristics for the conditional distributions for one point 

 
 
 

More detail about the distributions is provided in Figure 5.  The extent to which these plots 
provide additional information beyond the original error statistics plot in Figure 2 is not clear.  
However these statistics may provide a method for deriving a more meaningful statistic for large 
scale aggregations than the standard Mean Error statistics.  
 
Again, it is important to emphasize that one purpose of the Interactive Verification Program is to 
allow forecasters and others to determine which methods of forecast evaluation work the most 
effectively.   For that reason, many graphics have been provided even if they appear redundant. 
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Figure 5: Conditional distributions for one point 
 

ONGOING WORK 
 
The DIS Statistic: Other distributions based scores are also being investigated.  Murphy et al. 
(1989) suggest a score they call a discrimination score, DIS.  This score is designed to 
summarize the distinctness of each conditional distribution.  The better the forecasts the more 
distinct the distributions.  The computations of this score have been explored and there appears 
to be a discontinuity when the forecasts are perfect.  Although this is not a likely situation, 
further work is being done to demonstrate the score behaves as expected.  
 
The No Forecast Problem: Additional work is also required to account for those times when a 
flood occurs and no forecast has been issued.  There are numerous “flood only” forecast points 
across the United States.  These are points for which forecasts are issued only when there is a 
threat of flooding.  In the case where the forecast office does not perceive the threat of flooding, 
they do not issue a forecast, but a flood may occur all the same.  At this time, the verification 
process depends upon the assumption of a forecast – observation pair.   
 
Timing Errors: It is possible to have the appearance of poor forecasting because the hydrograph 
is shifted by some number of hours.  The peak may be correct, but the time of the peak is off by 
several hours.  In the case of a steeply rising hydrograph, this error, leads to large apparent errors 
when evaluated from stage perspective.  However, from the perspective of time, the errors are 
not large.  The work of Morris (1998) suggests using crossing times to compute timing errors. 
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Rising and Falling Limbs of the Hydrograph: A final very important area of work required to 
make the verification process more robust is sorting the forecasts into the rising and falling limbs 
of flood hydrographs.  Models perform markedly differently in the rising and falling limbs of 
hyrdrographs, and it is important to sort between the two to effectively evaluate model 
performance. 
 
 

CONCLUSION 
 
The National Weather Service has embarked on a national Verification Program for the 
hydrologic services.  This is an important step and will lead to a better understanding of the 
forecast process and help elucidate approaches to improving the forecasts.  In support of this 
program the OHD Hydrology Laboratory has developed a method that provides an increasingly 
detailed look at the forecasts and observations.  The process has been coded into a Java program 
called the Interactive Verification Program.  One goal of the overall verification program is to 
provide forecasters with the opportunity to evaluate methods of forecast verification and to 
permit them the opportunity to develop and test statistics to be used on a national basis. 
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Abstract:  Water supplies and allocations for the Klamath River, OR and CA were evaluated 
using SIAM (Systems Impact Assessment Model), a decision support system developed by U.S. 
Geological Survey.  SIAM is a set of models in a windows interface that provides water supply 
and delivery in a managed river system, predicts water quality and simulates fish production.   
SIAM was used to explore the potential for changing river and reservoir system operations to 
improve downstream water quality under drought conditions.  The Klamath River Basin has 
experienced drought conditions in three of the past ten years i.e., 1992, 1994, and 2001.  
Hydrologic input and flows for 1992 hydrology were used as a surrogate for a series of 
management alternatives reducing water delivery and use for irrigation, power production, and 
endangered species in both the lake and riverine segments of the Basin.  Resource managers in 
the Klamath Basin have used SIAM to determine the impacts of specific legal and institutional 
flow constraints during droughts and to identify potential adverse water quality consequences. 
 

INTRODUCTION 
 

Originating in southern Oregon, the Klamath River joins with its main tributary, the Trinity 
River, as it flows through northern California and west to the Pacific Ocean.  A schematic for the 
flow network is provided in Figure 1.  The demand for water in the basin has dramatically 
increased since the late 1980’s, with the listing of endangered species for native lake sucker 
species in Upper Klamath Lake, OR and declining anadromous fish populations in the mainstem 
Klamath River downstream in California. Water use issues in the Klamath Basin are further 
complicated by unresolved interstate, intrastate, and Native American reserved water rights. 
Tension among water users, including four Native American Tribes, the agriculture community 
and hydropower interests create a challenge for resource management.  Managers must now 
balance water use among a variety of natural resource benefits, while still meeting contractual or 
other legal obligations. Flug and Scott (1998) provide a more detailed history of water 
development in the Klamath Basin. 
 
Since 1994, scientists at the USGS Midcontinent Ecological Science Center have worked to 
develop the Systems Impact Assessment Model (SIAM), a decision support system.  SIAM 
integrates water quantity, water quality, habitat, and fish production components to quantify the 
biological, physical, chemical and economic outcomes from changes in water management 
operations in the Klamath Basin (Bartholow, 1998).  An extensive series of model verification, 
calibration and validation was applied to SIAM. The purpose for these individual models and 
integration within SIAM is for use by resource managers in the evaluation of alternative water 
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management operational schemes for the conservation, protection, and restoration of both lake 
and anadromous fish species. 
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Figure 1.  Water Quantity and Quality Flow Network, Klamath River. 
 
 
Alternative water management scenarios were developed by the authors to simulate drought 
conditions as a surrogate for flows experienced during 2001. These scenarios and simulations 
help determine whether changes in Klamath River system operation can alleviate some of the 
flow constraints, as well as, water quality-related stresses (elevated temperature and decreased 
DO) experienced by anadromous fish. Alternative management strategies included changes in 
the target reservoir storage levels, water deliveries, and instream flow releases. The USGS study 
area modeled is 410 km of the mainstem Klamath River from Upper Klamath Lake in Oregon to 
the Pacific Ocean in California. Simulation of the alternatives were made using the decision 
support system SIAM as an interface for the water quantity network model MODSIM, the HEC-
5Q water quality model, and SALMOD which tracks causes of mortality and estimates the 
number of surviving fish.  
 
Klamath River Basin:  Upper Klamath Lake (UKL) was naturally composed of and surrounded 
by extensive marsh and wetland areas. Large portions of these natural wetlands were later 
drained and converted to cultivatable agricultural lands. The Bureau of Reclamation (BOR) 
manages the Klamath Reclamation Project that now annually diverts on average 493 x 106 m3 to 
73,000 ha of cultivated project lands, while the annual returns or accretions average 290 x 106 
m3.  Thus, agricultural and wildlife refuge diversions accounted for an annual average net 
consumptive use of 203 x 106 m3.  UKL is part of the Pacific Flyway and had the reputation as 
the largest North American habitat for migrating waterfowl (Bellrose, 1942; Baldassarre and 
Bolen, 1994).  Two species of lake suckers in UKL, the shortnose (Chasmistes brevirostris) and 
Lost River (Deltistes luxatus) are currently listed as endangered species.  
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Water resources in the Klamath Basin are limited to annual precipitation, mostly from spring 
snowmelt.  A summary of minimum, maximum, and average annual inflow to UKL is given in 
Table 1.  The largest impoundment in the Basin is UKL, which on average holds less than a one-
year storage capacity.  Therefore, nearly all the water entering UKL in a given year is released 
for agricultural, municipal, hydropower, and instream uses.  The lack of multi-year storage 
increases competition among water resource needs for the limited annual water supply.  
However, the upper basin provides considerable system flexibility with respect to water storage 
and diversion, and therefore, the greatest potential for water management.   

 
Table 1.   Annual Inflow into Upper Klamath Lake (UKL) in 106 m3. 

Minimum (1992)  1994  2001  Average (1906-2001) Maximum (1956) 
712  796 945 1637 3058 

 
The five in-series reservoirs within the USGS study area are shown in Figure 1.  Link River Dam 
(circa 1895) impounds UKL in the upper basin, followed by Keno (1967), J.C. Boyle or Topsy 
Lake (1958), two Copco dams (1917) and Iron Gate Dam (1962).  PacifiCorp operates 
hydropower projects on four of these reservoirs.  Keno Dam has no hydropower facilities.  The 
total operational storage of the reservoirs included in the network flow model (i.e., Keno, J.C. 
Boyle, Copco and Iron Gate) provide 16.7 x 106 m3 or about 1% of average annual inflow to 
UKL.  The additional active storage in UKL brings the total active system water storage to 
approximately 617 x 106 m3 or 37% percent of average inflows.   Copco is a peaking release 
power plant with minimal ability to ramp releases, i.e., either up or down, from current operating 
levels.   In 1962, Iron Gate Dam (IGD) was built as a re-regulating reservoir for Copco’s peaking 
power releases and a Federal Energy Regulatory Commission (FERC) minimum flow release 
schedule was imposed.  The dams serve as a barrier to anadromous fish during spawning runs.  
Since the early 1970’s, populations of coho, steelhead and fall Chinook salmon have generally 
decreased in the Klamath Basin.  
 
Thermal stress during spring, summer and fall months is believed to play a major role in 
declining anadromous fish populations in the Klamath Basin (W.M. Keir Associates, 1991; 
Williamson and Foote, 1998; McCullough, 1999). Chinook salmon life stages in the Klamath 
River study area encompass spawning, egg incubation, emergence, smoltification, and out-
migration.  Temperature requirements vary for each of these life stages and activities (Levy and 
Slaney, 1993).  Many salmonid species have maximum growth rates in the range of 15 to 17 °C 
(McCullough, 1999).  However, at temperatures above this range, fish grow at slower rates, are 
vulnerable to predation, more susceptible to disease, and overall experience higher mortality 
(Spence, et al., 1996). Water temperature in the mainstem Klamath River reached 15 °C in mid-
May during 1996-1998 (Campbell, 2001). Spawning cues and success are also affected by 
temperature.  Chinook salmon may require temperatures below 16 °C before spawning occurs 
and temperatures in excess of 14.5 °C can cause egg mortality (McCullough, 1999).  The water 
quality (temperature and DO) for both chronic and acute threshold values, selected by the 
authors for the simulations presented here, are summarized in Table 2.  Field sampling and data 
collection indicates that these values are often exceeded in the summer months in the Klamath 
River.  
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Table 2.  Water Quality Thresholds for Salmonid Stress. 
Constituent Chronic Acute 
Temperature greater than 15 °C greater than 20 °C 

DO less than 7 mg/L less than 5 mg/L 
 
Water Quantity and Quality Models:  A network-based water resources allocation and 
planning model, MODSIM, was configured to the Klamath River Basin for simulation. 
Numerous water management alternatives are anticipated for further analysis with respect to 
flow diversions, return flows, reservoir storage levels, instream flow demands, as well as other 
physical and institutional constraints.  A prioritization scheme is used in MODSIM water 
allocations.  Instructions for modeling a flow network using the MODSIM computer algorithm 
are given by Fredericks and Labadie (1995) and Labadie (1988). 
 
MODSIM is applied to simulating river and reservoir systems operation, from UKL downstream 
to the Pacific Ocean on a monthly time step.  A simplified flow network for this application is 
provided in Figure 1.  Inputs to MODSIM utilize measured (i.e., historic records) or synthetic 
values for inflows and reservoir operations (i.e., storage and release) on the mainstem Klamath 
River.  Other major tributaries (Shasta, Scott, Salmon, and Trinity Rivers) are not modeled 
except as inflow points using USGS gage records at or near their confluence with the Klamath 
River.  Scott and Flug (1998) and Flug and Scott (1998) provide more specifics of the flow 
network for the Klamath River, calibration and validation, as well as the use of this simulation 
model for analysis. Opportunities to re-configure or modify components for simulation include 
changing reservoir storage levels, evaluating different hydrologic sequences, adjusting 
agricultural diversions, and redefining recommended instream flow demands. 
 
Water quality is evaluated using the HEC-5Q model, developed by the U.S. Army Corps of 
Engineers at the Hydrologic Engineering Center at Davis, California (USACE, 1986).  The 
model has a long history of supported use, is in the public domain and can simulate both rivers 
and reservoirs. The water quality constituents simulated with HEC-5Q in this study are water 
temperature and dissolved oxygen (DO).  The model simulations provide mean daily water 
quality, using monthly flows and reservoir storage computed by MODSIM, combined with daily 
average meteorological data.  Mean monthly flows are disaggregated into equal daily-average 
flow values for HEC-5Q and daily reservoir storage is also generated.  This disaggregation is a 
reasonable representation of summer base flow below Iron Gate Dam. However, in the spring, 
when peak flows pass over the spillway, the disaggregation method is less representative of 
actual operations. DO is simulated using HEC-5Q’s simplified computation that includes 
biological oxygen demand (BOD), sediment oxygen demand (SOD) and re-aeration. The 
simplified DO simulation predicts general trends in DO that are within a mean absolute error of 
1-2 mg/L for the mainstem Klamath River.  Hanna and Campbell (2000) provide more 
information on the implementation of HEC-5Q for the Klamath, including data sources and 
calibration details. 

 
Temperature and DO values, for both chronic and acute thresholds, were used to develop 
additional water quality metrics that relate to fishery impacts.  The metric of degree day above 
threshold is commonly used for fisheries-related mesohabitat condition description.  A degree 
day is the sum of the difference in daily average temperature and the criteria for each day that the 
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threshold is exceeded.  A similar metric was developed for a dissolved oxygen day (DO day), 
where a DO day is the sum of the difference between daily average DO and the criteria for each 
day that the threshold is exceeded.  Computations of degree day and DO day for chronic and 
acute thresholds are compared and used to judge the merit of each alternative as compared to the 
base or other water management alternative.  The threshold values are not absolute standards for 
salmonid health, but rather are guidelines that allow for the relative comparison of water 
management alternatives. 
 

WATER MANAGEMENT ALTERNATIVES 
 
Simulations under drought year scenarios for the Klamath River Basin include: 1) modified 
instream flows below Iron Gate Dam (IGD), using Federal Energy Regulatory Commission 
(FERC) or National Marine Fisheries Service (NMFS) minimum flow recommendations, or 
other targets designed to offer full protection (FP) for spawning and fry life stages of fall 
Chinook salmon and a modified full protection schedule (MFP); 2) simulating the effects of 
drought years such as 2001 and 1992; 3) reducing agricultural and wildlife refuge diversions in 
the upper basin BOR project area; and 4) changing reservoir storage levels, particularly in 
support of the two listed UKL endangered species as recommended by the US Fish and Wildlife 
Service (FWS) Biological Opinion (BO).  Two minimum instream flow demand schedules below 
Iron Gate Dam and two other flow recommendations are given in Table 3.  These flows range 
from fifty to seventy-five percent of the long-term average annual release (1927 x 106 m3) of 
water from Iron Gate Dam.  

 
Table 3.  Instream Flows Below Iron Gate Dam (IGD). 

Option Monthly Flows in m3/sec, Water Year Schedule Annual Flow 
 O N D J F M A M J J A S   106 m3 
FERC  37 37 37 37 37 37 37 28 20 20 28 37 1016 
NMFS 37 40 48 54 59 63 67 59 51 37 31 34 1503 
FP 34 35 37 37 51 57 57 57 42 28 28 33 1286 
MFP 34 35 37 37 42 45 45 45 23 23 25 28 1089 

 
All alternatives for water management under simulated drought conditions use the 1992 water 
year hydrology.  However, adjustments in water operations were made by manipulating priorities 
for demand schedules within MODSIM, to favor either meeting the water level targets for UKL 
or the instream flow schedule below IGD.  Simulations are organized in two groupings based on 
target water levels for UKL.  The 1992 grouping uses the actual historic monthly water levels as 
existed in the 1992 water management operation at UKL.  The second 2001 group uses target 
water levels for UKL as recommended by the BO, to protect endangered species in the lake.   
Other differences between the two groupings include other UKL storage targets and full 
protection flow schedules (FP and MFP) below IGD for some additional 2001 simulations.  In 
both the 1992 and the 2001 scenario groupings some simulations reduced to zero the upper basin 
diversions to agricultural project lands; these are simulations that attempt to meet target water 
levels in UKL and instream schedules below IGD.  A summary table of the alternatives 
simulations analyzed in this paper is presented in Table 4, with additional comments given when 
each simulation is discussed in the results section that follows.  
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Table 4.   Summary of Drought Water Year Simulation Alternatives.  
Scenario   UKL 

Target  
Below IGD 
Schedule  

Agricultural 
Demands  

Highest Priority 

92B1 = 1992 Base  1992 
Actual 

FERC 1992 Schedule UKL, then Ag. 
Demands 

92B2 1992 
Actual 

FERC 1992 Schedule Flows Below IGD 

92N1 1992 
Actual 

FERC None Flows Below IGD 

01B1 = 2001 Base BO FERC 1992 Schedule UKL & IGD 
01B2 BO FERC 1992 Schedule Flows Below IGD 
01N1 BO FERC None UKL & IGD 
01N2 BO FERC None Flows Below IGD 
01N3 Held High FERC None Flows Below IGD 
01N4 Held High FP None Flows Below IGD 
01N5 Held High MFP None Flows Below IGD 

BO:  Fish and Wildlife Service Biological Opinion 
Held High: Water levels that keep storage high, for release late in the year 
FERC:  Federal Energy Regulatory Commission 
FP:  Full Protection for spawning and fry fall Chinook salmon 
MFP:  Modified Full Protection schedule 

 
 

EVALUATION OF SIMULATION RESULTS 
 
Simulations conducted using the MODSIM model maintained mass balance of water, although 
differences exist in monthly agricultural water deliveries, monthly flow releases and reservoir 
storage levels at most locations.  These variations are largely due to the significant differences in 
target reservoir storage levels (i.e., volume of water) in UKL and target demands for instream 
flows below IGD (i.e., total discharge) that pass downstream to the Pacific Ocean.  Simulation 
alternatives in MODSIM used different priorities to force operations that match the UKL storage 
levels in some scenarios and in other scenarios, priorities that attempt to meet the instream flows 
below IGD. Water quality variations then result from changes in the quantity, timing, mass 
storage, residence time, mixing and release of stored water.   
 
Analysis of Water Quantity Simulation Results:  A plot of the MODSIM simulated water 
levels in Upper Klamath Lake for several alternatives is given in Figure 2.  The 92B1 alternative 
is representative of the 1992 grouping, which uses the FERC instream flow schedule as targets 
and the actual 1992 storage levels on UKL.  All three 1992 simulations exhibit almost identical 
monthly storage levels in UKL throughout the year.  UKL storage levels match the actual 1992 
water levels for the 1992 group of simulations because the priorities used in the model were not 
inferior to agricultural water demands for those runs.  Water allocations met the UKL water 
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storage levels but either shorted agriculture deliveries or released instream flows below IGD that 
were less than the FERC minimum recommended flows (this is clearly visible in Figure 3 for 
scenario 92B1).  The 1992 group of alternatives uses a set of UKL target water storage levels 
that allow for more drawdown (i.e., lower water surface levels) in all months except January 
through April, as compared to the 2001 group of scenarios, which use the BO or another 
synthetically high set of target water storage levels.  This more liberal target for drawdown in 
UKL yields water in quantities great enough to supply demands other than UKL target levels for 
lake fish species.  Some water remains available for meeting limited agricultural demands or for 
downstream instream flows.  Further analysis of the instream flows below IGD, as given in 
Figure 3, clearly indicates that water to meet the FERC instream flow recommendations was not 
available under the 92B1 scenario.  The simulation results presented in Figures 2 and 3 for this 
1992 base alternative (scenario 92B1) match the actual historic values observed in water year 
1992; the minimum instream flows below IGD were not met that year but water was delivered to 
meet the agricultural demands.  The below IGD flows for Scenario 92B2 as shown in Figure 3 
are equal to the FERC instream flow recommendations. Further analysis of information from 
scenarios 92B2 and 92N1, but not shown here, indicates that some limited quantities of water are 
available for agricultural deliveries while meeting the instream flow recommendations below 
IGD (particularly in June, July, and August).   
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Figure 2.  Upper Klamath Lake Simulated Elevations for Four Alternatives. 
 
The 01B2 simulation results for UKL water levels shown in Figure 2 comes close to matching 
the FWS Biological Opinion (BO) for target reservoir storage levels in UKL, but falls a little 
short in August and September. This demonstrates the difficulty in managing limited water 
supplies during drought water years while attempting to meet instream flow demands and 
elevated upstream reservoir storage levels.  There is not adequate water to meet all of these 
targets during low water years (i.e., drought conditions of 1992 or 2001).  Based on these 
simulation results, no scenarios are presented here which attempt to meet the much higher 
instream flow demands associated with the NMFS minimum instream flow schedule previously 
presented in Table 3.  The plot of flows below IGD for scenario 01N2, shown in Figure 3, 
indicates the quantity of water that would be available for agricultural delivery after meeting the 
UKL BO targets and the FERC minimum instream flow recommendation below IGD.  This 
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quantity is indicated by the higher flows, from January through April, as compared to the plot for 
scenario 92B2, which just matches the FERC recommendations.   
 
Other simulations were identified by the authors and are presented here, using synthetic targets 
for UKL and Full Protection (FP and MFP) flow recommendations below IGD as previously 
defined.  The plots in Figure 2 for scenarios 01N3 and 01N5 are the result of simulations that use 
higher target water levels for UKL most of the year, in an attempt to force the simulation to hold 
water in the upstream reservoir for release later in the year to meet the higher summer instream 
flow targets (FP or MFP).  Even with the synthetic target for UKL, these drought year 
simulations still short the instream flow target for FP (scenario 01N4) from June through 
September.  Thus, the scenario 01N5 offering a reduced FP (i.e., the MFP target schedule for 
instream flows) was created to identify exactly what instream flows can be provided during this 
surrogate 2001 simulation.  The simulation for scenario 01N5 is still short of the MFP target 
schedule for September.  The instream flows for these two synthetic simulations are also shown 
in Figure 3.   Lack of adequate water supplies to meet all of the demands for UKL, agriculture 
and instream flow emphasizes the role for simulation modeling and the SIAM decision support 
system for evaluating tradeoffs in resource management decision making.  
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Figure 3.  Simulated Instream Flows Below Iron Gate Dam (IGD) in m 3 /sec. 
 
Analysis of Water Quality Simulation Results:  For mean daily temperatures, similar results 
were observed in the water quality model outputs in comparing the respective 1992 and 2001 
groups of scenarios.  Figure 4 therefore only presents the mean daily temperature plots for the 
three 1992 water management simulation alternatives.  Reflecting back on the below IGD 
instream flow values shown in Figure 3, the larger downstream discharges from March through 
September actually result in increased water temperatures below IGD.  These higher flows and 
temperatures correspond to simulation alternatives (i.e., scenarios) in which agricultural water 
deliveries were reduced to zero and operations provided increased instream flows below IGD.  
The warmer water persists further downstream to Seiad and beyond.  Figure 5 shows the 
corresponding mean daily temperature plots downstream at Seiad Valley, where temperatures 
exhibit much greater daily variation (i.e., flashiness) and reservoir water release has less 
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influence.  Increases in water temperature are largely due to decreased reservoir retention times, 
which allow warm surface water to pass through the reservoirs and limit the time available for 
in-reservoir processes to affect water temperatures.  Thus, water temperature varies more directly 
with air temperature (Campbell, et al., 2001). The increased instream flows downstream below 
IGD must therefore draw water from the much smaller Iron Gate Reservoir in combination with 
passing downstream the warmer seasonal tributary surface inflows.  
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Figure 4.  Simulated Mean Daily Temperatures Below Iron Gate Dam. 
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Figure 5.  Simulated Mean Daily Temperatures at Seiad Valley. 
 
Results for the temperature metrics of chronic and acute degree day values computed are 
summarized in Table 5 for several scenarios in both the 1992 and 2001 groups of simulation 
alternatives.  In comparing the metrics for all scenarios presented to the 92B1 base simulation, it 
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is clear that the larger instream flows, delivered below IGD from April through September, 
significantly increases both the chronic and acute number of degree days recorded below IGD.  
Remember that the 92B1 scenario yielded instream flows that were well below the FERC 
recommended schedule.  The influence on chronic degree days continues further downstream at 
Seiad where higher values also exist for all but the 92 B1 base alternative.  However, for the 
other 1992 scenarios, there is little additional influence in acute degree days at Seiad due to 
larger instream flow discharges.  As water flows downstream other tributary inflows, including 
cooler water from numerous seeps and springs, enter the mainstem Klamath River and help 
alleviate elevated water temperatures to a limited degree.   As a reminder, these metrics are only 
recommended for use in comparing water management alternatives and are not suggested for use 
in direct correlation to salmonid health or mortality.  
 

Table 5.  Simulated Temperature Metrics at Two Downstream Locations. 
Chronic, degree days Acute, degree days Scenario 
Below IGD Seiad Below IGD Seiad 

92B1 511 681 8 116 
92B2  768 762 96 107 
92N1 799 779 97 122 
01B2 738 748 91 134 
01N4 794 795 117 134 
01N5  784 769 104 138 

 
All of the water management alternatives simulated and discussed here had similar results on 
DO, i.e. increased water temperature resulted in lower DO values.   However, in all simulations, 
DO was always above the criterion of 7 mg/L and therefore the results are not shown here. 
 

SUMMARY AND CONCLUSIONS 
 
Integrated water quantity and quality computer simulation models provide a useful tool for 
analysis of water management alternatives in the Klamath River Basin. The drought water 
management alternatives described and analyzed here demonstrate the use of such models for 
management decision making and decision support.  Results presented clearly indicate that 
adequate water does not exist in low flow years to meet target water storage levels on Upper 
Klamath Lake for endangered lake fish species, to satisfy minimum recommended instream 
flows below Iron Gate Dam for anadromous fish, and supply other traditional and contractual 
water deliveries (e.g., agriculture).  The simulations also provide quantitative and analytic 
information that rejects a common belief among many resource conservationists in the Klamath 
Basin that increasing mainstem flows will automatically improve water quality conditions for 
salmonids.  Evidence presented here indicates that for the drought conditions and alternatives 
presented, increased instream flows actually increase mean daily temperature, and both chronic 
and acute degree days below Iron Gate Dam.  Further downstream, at Seiad, higher flows also 
continue to exhibit increases in the number of chronic degree days, with little or no effect on 
acute degree days.  These simulation results illustrate the need for analysis with respect to the 
spatial and temporal extent of water quantity and quality impacts, as some areas may experience 
improved conditions at the sacrifice of degradation either upstream or downstream or during 
other seasons in the year.  
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Abstract:   The Hydrologic Engineering Center (CEIWR-HEC), in conjunction with the 
Sacramento and San Joaquin River Basins Comprehensive Study, is developing the Ecosystem 
Functions Model (EFM).  The EFM is a planning tool that analyzes ecosystem response to 
changes in flow regime.  It is applicable to a wide range of ecotypes and Corps’ projects. The 
model uses hydrologic and hydraulic data, statistical analyses, and GIS spatial coverages to help 
predict biological responses to proposed study alternatives.   Environmental planners, biologists, 
and engineers would use the EFM to help determine whether the proposed study alternatives 
(e.g., reservoir operations, channel modifications or levee alignments) would maintain, enhance, 
or diminish ecosystem health.  Three pilot applications of the EFM have been performed in the 
Sacramento and San Joaquin River Basins.  HEC is exploring other opportunities to use the EFM 
outside of California.  This paper discusses the development of the EFM, presents its 
capabilities, addresses case studies done to date, and emphasizes the advantages of the EFM 
process.  A beta release of the EFM is expected by the end of May 2002. 
 

INTRODUCTION 
 
Origin:  Due to several large and damaging flood events in the State of California during the 
1980’s and 1990’s, most notably the January 1997 event, a Flood Emergency Action Team 
(FEAT) was assembled. The team was to provide an assessment of flooding problems and 
recommendations for system improvements.  Through FEAT recommendations, the U.S. 
Congress funded the Sacramento and San Joaquin River Basins Comprehensive Study and 
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directed the U. S. Army Corps of Engineers to develop system-wide, comprehensive plans for 
flood control and ecosystem restoration.  In order to understand how proposed flood damage 
reductions measures would impact the ecosystem and to identify opportunities for ecosystem 
restoration along the lower Sacramento and San Joaquin Rivers, the Hydrologic Engineering 
Center and the Sacramento and San Joaquin Comprehensive Team developed an Ecosystem 
Functions Model (EFM). 
 
Purpose:  The EFM is intended to predict how aquatic and terrestrial ecosystems along a river 
reach, wetland, or estuary may be impacted by the implementation of floodway management 
measures or changes to flow regime. With- and without-project conditions can be evaluated by 
the EFM.  Using input variables such as flow, existing vegetation, and topography, the model 
evaluates how changes in flow regime and riverine morphology would impact key attributes of 
the river-floodplain ecosystem. Examples of the attributes are: changes in the extent of suitable 
riparian seedling establishment areas, extent of seasonally inundated aquatic habitats, and key 
river channel flow conditions. 
 
Process:  Central to EFM analyses are “functional relationships.”  Developed by biologists, 
hydraulic engineers, and environmental managers, these relationships link characteristics of 
hydrologic and hydraulic time series (flow and stage) to elements of the ecosystem. There is no 
limit to the number or genre of relationships that may be developed and a graphical user interface 
has been constructed to facilitate entry and inventory of criteria  
 
After relationships are developed, a statistic computations package (also managed by the 
interface) analyzes flow and stage time series for the specified criteria and produces a single flow 
value for each relationship.  This process is repeated to assess a modified flow regime and 
resulting values for without and with project conditions are compared to indicate the direction of 
change of ecosystem health. 
 
A strength of the EFM is its ability to assess results spatially.  In addition to the statistical 
computations, EFM analyses typically involve hydraulic modeling, which translates statistical 
results to water surface profiles and spatial coverages of water depth, velocity, and inundated 
area, and GIS capabilities to display these generated coverages as well as other relevant spatial 
data (i.e., soils, vegetation, and land-use maps). 
 
Hydraulic modeling and GIS improve EFM applications by 1) helping project teams to visualize 
existing ecologic conditions or highlight promising restoration sites (see Figure 1), 2) computing 
depth and velocity data that can be used as criteria to further define relationships, and 3) making 
it possible to assess multiple alternatives incrementally - through GIS, inundated areas for 
individual relationships can be compared and ranked as a measure of the relative enhancement 
(or decline) of that ecosystem element for any number of alternatives. 
 
Spatial functions of the EFM are being programmed as extensions for ArcGIS software.  The 
goal of this effort is to package a few commonly used functions in an easy to use interface for 
model users who are not GIS specialists.

 2



 

Figure 1  Splittail Rearing Habitat (shown in the overbank areas) 
 
 

FUNCTIONAL RELATIONSHIPS 
 
Development of functional relationships initiates the EFM process.  These relationships use 
hydraulic and hydrologic parameters such as depth, velocity, shear stress, season, flow 
frequency, duration, and rate of stage recession to indicate how biological (terrestrial and 
aquatic) factors are likely to change.  For example, if a change to the flow regime causes the 
shear force in the channel to increase over the existing conditions, then the biological response 
may be that there is an increased rate of recruitment of woody debris into the channel.  The 
increase in woody debris is likely to improve fish habitat and, therefore, suggests a positive 
biological response.  Currently, EFM results are more qualitative than quantitative, but some 
indicators translate to increases in terrestrial or aquatic area and highlight locations of restoration 
potential.  It is important to note that the relationships developed for one area of the country most 
likely will not be applicable to another.  Therefore, functional relationships unique to that area 
must be identified.  
  
In preparation for pilot applications of the EFM, functional relationships were developed for the 
low gradient rivers of California’s Central Valley.  A team of agencies including the USACE, 
CA Department of Water Resources (DWR) and Jones, Stokes, and Associates (JSA) developed 
the relationships documented in, Final Functional Relationships for the Ecosystem Functions 
Model, (JSA 2000).  The pilot applications used fifteen relationships to investigate a range of 
ecosystem elements including fish spawning, fish rearing, fish stranding, recruitment of large 
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woody debris, channel migration, riparian forest regeneration, and many others.  The fifteen 
relationships used for the Comprehensive Study are provided in Table 1 below. 
 

Table 1  Functional Relationships for Comprehensive Study 
Sub-

Element ID 
Sub-Element 

Name 
Statistical Requirement Ecological Response 

Terrestrial 
1A-1 

Substrate 
Characteristics 

None Optimal soil suitability for various plant 
communities.  Use soils maps to identify 
soils 

Terrestrial 
1A-2 

Depth of 
Groundwater 
Surface 

1. Average August Flow 
(Stage) 

 

Average water table depth in later 
growing season.   

Terrestrial 
1A-3 

Flood Events 
Suitable for Plant 
Establishment 

1. Time period=April 1 July 
15 

2. Must have a stage decline 
rate<=0.88 feet/week 

3. Must have a return 
period<=10 years 

Overbank flows in seed release period 
that recede slower than a threshold rate.  
Creates regeneration area. 

Terrestrial 
1A-4 

Scour Regime of 
Riparian and 
Channel Zones  

1. Need 10-year flow on an 
annual basis 

2. Need 5-year flow on an 
annual basis 

Relative extent of wetland and riparian 
zones compared to depth for 5-year and 
10-year events.  Use vegetation mapping 
and overlay depths at zonal boundaries 
for the w/o project condition.  Keeping 
boundary depths constant, note changes 
in boundary location for w/project 
conditions.  

Terrestrial 
1A-5 

Inundation of 
Channel Margin 
Habitat  

1. Time period=July 15-
August 15 

2. Need highest stage 
sustained for 21 days for 
events that meet Criteria 
1A-3 

Inundation of plant establishment area 
during later season that causes seedling 
drowning.  Dependency on 1A-3.  

Composite  None Overlaying of 1A-5 on top of 1A-3.  The 
remaining area created from 1A-3 is the 
regeneration area. 

Terrestrial 
1B-1 

Rates of Channel 
Migration  

1. Need 5-year flow on an 
annual basis 

2. Need 1.5-year flow on an 
annual basis 

Rate of habitat renewal.  Changes in 
shear force represent changes in rate of 
channel migration (+,-,0) 

Terrestrial 
1B-2 

Frequency of Flood 
Scour  

1. Need 10-year flow on an 
annual basis 

2. Need 5-year flow on an 
annual basis 

3. Time period=July 15-
August 15 

4. Need highest stage 
sustained for 21 days for 
events that meet Criteria 
1A-3 

Distribution of flow depth for a given 
flow recurrence.  See 1A-4. 
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Table 1  Functional Relationships for Comprehensive Study (continued) 
Sub-

Element ID 
Sub-Element 

Name 
Statistical Requirement Ecological Response 

Terrestrial 
1B-4 

Rates of 
Germination Flows  

1. Time period=April 1-July 
15 

2. Must have a stage decline 
of <=0.88 feet/week 

3. Must have a return period 
<=10 years 

Recurrence of overbank flow in seed 
release periods that recedes slower than a 
threshold rate.  See 1A-5. 

Aquatic 2B-
1 

Spawning Habitat 
Abundance 
(overlay with 
vegetation 
mapping) 

1. Time Period= February 1-
May 31 

2. Need highest stage 
sustained for 21 days 

3. Return period of x<=4 
years 

Suitable floodplain fish-spawning 
habitat. 

Aquatic 2C-
1 

Rearing Habitat 
Abundance 
(overlay with 
vegetation 
mapping) 

1. Time Period= December 1 
- May 31 

2. Need highest stage 
sustained for 7 days 

3. Need return period<=4 
years 

Suitable floodplain fish-rearing habitat. 

Aquatic 2C-
3 

Floodplain-channel 
Connectivity 

1. Find mean April and May 
flows and choose the larger 

2. Find 3-year flow on an 
annual basis 

Isolated floodplain habitat that develops 
possible fish stranding pools.  The area 
between the 3-year inundation layer and 
the inundation layer caused by the mean 
April or May, whichever is greater, will 
be evaluated for stranding pools. 

Aquatic 2E-
1(A) 

In-channel Rearing 
Habitat 

None Quality of channel gravels available for 
juvenile fish rearing.  Determine if 2-15 
cm gravels are present.  Determine if 
mobilization of gravels change with 
project. 

Aquatic 2E-
1(B) 

In-channel Rearing 
Habitat 

1. Need 1.5-year flow on an 
annual basis 

2. Need 5-year flow on an 
annual basis 

Changes in shear stress to represent 
changes in rate of woody material 
recruitment (+,-,0)  

Aquatic 2E-
1(C) 

In-channel Rearing 
Habitat 

1. Need average August flow 
2. Need highest stage 

sustained for 21 days for 
events that meet Criteria 
1A-3 

Bankfull flow in relation to average low 
flow. Presence of overhead cover along 
stream banks  

 
A Graphical User Interface (GUI) written for the EFM facilitates entry of these relationships into 
the model and there is no limit to the number or genre of relationships that may be developed.  
An example of the GUI interface is provided in Figure 2. 
 

STATISTICAL PACKAGE 
 

The Comprehensive Study used fifteen relationships twelve of which required statistical analysis 
to provide the stage or flow values necessary to evaluate biological response.  A new statistical 
program, coded in Fortran, was written to provide duration, rate of stage recession, frequency, 
and sequential event analysis.  Also accessible through the EFM GUI, the statistical package 
analyzes flow and stage time series (historical, existing, and/or post project conditions) for the 
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Figure 2  EFM Criteria Tab 
 
specified criteria and produces a single flow value for each relationship.  The EFM does not 
calculate the stage or flow time series rather, they are provided to the EFM as paired data. 
 
As an example of the statistical analysis needed by a functional relationship, one of the 
functional relationships from the Comprehensive Study is now given.  In order to identify 
cottonwood regeneration zones, the mid-April to late-May time period for each year must be 
separated from the times series.  Next, the events in that time frame must be analyzed to 
determine if they have a stage decline of less than 0.88 feet/week.  For the events that meet this 
stage recession requirement, the stage associated with the 10-year recurrence interval must be 
identified.  The flow value associated with this computed stage will then be entered into the 
hydraulic software so a flood inundation boundary map can be made.  This map will identify the 
outer boundary of the possible cottonwood regeneration zone and used to compare alternatives. 
 
As noted above, the results of the statistical analysis can become the input into the hydraulic and 
later the GIS analysis.  This process is repeated to assess any modified flow regimes and the 
resulting values for without and with project conditions are then compared to indicate the 
direction of ecosystem change.  An example of the statistical output is provided in Figure 3. 
 

STREAM SELECTION 
 
The EFM process continues by selecting an area of interest along a stream, river, estuary, etc.  If 
the area has good habitat, then the goal of the biologist is to determine if the change in the flow 
regime (possibly caused by a flood damage reduction measure) will enhance, maintain, or 
diminish the existing habitat.  If the area had good habitat but has suffered a decline for some 
reason, then the biologist wants to see if the flow regime modification will improve the habitat.  
Originally, the goal of the EFM was to represent riverine systems (rivers and their associated  
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floodplains), however, the 
EFM can be used to 
evaluate estuaries, wetlands 
etc. as well. 
 
As the EFM typically relies 
on the statistical analysis of 
flows and stages, a stream 
gage with sufficient record 
length is identified within 
the study area.  Many 
times, however, the stream 
gage is not located in the 
reach to be studied or the 
cross-sectional shape at the 
gage does not physically 
represent those found in the 
stream reach.  Therefore, 
the gaged time series 
records must be transferred 
to a representative cross- 
section in the reach.  This 
representative cross-section 

is called the index location.  The index cross-section represents the entire reach and, therefore, 
must be chosen carefully.  It should approximate the physical shape of cross-sections through the 
reach.  A hydraulic engineer performs the transfer of the gaged records outside of the EFM.  The 
transfer of the gaged data must take place prior to the statistical analysis because part of the 
statistical analysis can be performed on the records that meet certain stage requirements.  Since 
the stages at the gaged location and the index location will most likely be different, the transfer 
of data must be performed.  The rate of stage recession was a factor in some of the functional 
relationships for the Comprehensive Study, and so it was necessary, for those relationships, to 
find this cross-section and perform the statistical analysis at that index cross-section.   

Figure 3  Statistical Results from EFM 

 
For the Comprehensive Study, the HEC-RAS (Hydrologic Engineering Center’s River Analysis 
System) computer program was used to perform this transfer.  Using the discharge versus 
frequency relationship from the stream gage and an existing HEC-RAS model that extended 
through the reach, a stage-discharge relationship was developed at the index location.  This 
rating curve was then used to convert the time series at the gage to a time series at the index 
location.  Flow and stage time series at the index location were then input in statistical program.  
 

HYDRAULIC ANALYSIS 
 
After the statistical program processes the statistical requirements stated in the functional 
relationships, the resulting flows are then entered into a calibrated, geo-referenced hydraulics 
model.  For the Comprehensive Study, the HEC-RAS model was used.  In addition, to create 
flood inundation boundary maps, HEC-GeoRAS, a pre- and post-processor for HEC-RAS, was 
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used.  Flood inundation boundary maps are the primary output from the EFM and are used to 
compare and contrast with other GIS spatial maps.  For example, a flood inundation boundary 
map could overlay a soils map. The intersection of the proper soils with the proper depth could 
give an indication as to the suitability of the intersected area for some sort of ecological 
response.  Using tools within the EFM, the depths and velocities at any grid cell can be 
identified.  Comparing depths and/or velocities over different scenarios also helps to determine 
what environmental impacts (good or bad) are likely to be associated with various actions.   
 
For the Comprehensive Study, the HEC-RAS and GeoRAS models produced the flood 
inundation boundary maps, and velocity and depth grids necessary to evaluate each of the 
functional relationships.  As an example, flood inundation boundary maps of the splittail 
floodplain spawning relationship for existing conditions and, for illustrative purposes, an 
alternative focused on the use of reservoir releases to mimic a more natural flow regime are 
shown in Figure 4.  In this case, the expanded area in the floodplain suggests that increased 
reservoir releases in a given season will increase splittail-spawning opportunities.  These maps 
could be generated and compared for various flood damage reduction measures to see if the 

spawning area decreased or increased.  Depths and velocities at any grid cell, for these given 
stages, could also be computed if they were necessary to evaluate the functional relationship.  
Along with the visual representation afforded by the inundation maps, the attribute tables 
associated with the inundation maps allow the user to quantify the amount of increased or 
decreased area created by the change to the flow regime. 

Figure 4 Visual Comparison of Floodplain Spawning Habitat for  
 Splittail under Without and With Project Conditions 

 Without Project  With Project 
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SPATIAL ANALYSIS 
 

A strength of the EFM process is its ability to develop, display, and compare spatial maps of the 
biological responses.  These maps convey information that would otherwise be difficult to 
understand or visualize. They are useful for internal or public meetings and biologists, planners, 
project managers can review the layers to determine the impact of the changed flow regimes.   
 
As noted above, the EFM process generates numerous inundation maps.  Nearly every functional 
relationship developed for the Comprehensive Study required one or more inundation maps to 
visualize its biological response.  The maps were either produced by the EFM process (flood 
inundation boundary maps, depth and velocity grids) or imported (soils, land use, vegetation, 
groundwater etc.) into the EFM.   
 
To expedite this process, the EFM’s Spatial Processor allows users to directly import GIS layers 
(such as the soils and land use maps), created outside of the EFM process and the inundation 
maps generated during the hydraulic analysis.  Users can overlay layers and perform GIS 
computations using commonly applied GIS tools to intersect existing layers and develop and 
compare layers.  One of the goals of the EFM’s spatial processor is to provide some commonly 
applied GIS tools within the spatial processor so that users can perform certain functions without 
being GIS specialists.  These GIS techniques will allow the biologists to make all sorts of maps 
that might look for velocity or depth bands or inundation areas.  The EFM’s spatial evaluation 
screen is shown in Figure 5. 

Figure 5  EFM Spatial Evaluator 
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ECOLOGICAL INTERPRETATION/MODEL VERIFICATION 

 
Tables and maps produced by the EFM do not produce final results by themselves, but rather 
they provide information to users to help them make decisions about the possible success or 
failure of ecosystem suitability or sustainability.  Other relevant data such as endangered species 
occurrences and ecological landscape parameters will be used along with the results of the EFM 
to determine the suitability or priority of a given area for restoration. 
 
Because the EFM relies on a statistical approach, thus providing an averaged concept of how an 
ecosystem may react over time, it is important to verify the functional relationships.  If the user 
believes that output resulting from meeting the functional relationships are logical indicators of 
biological response then the EFM could suggest, that over time, one alternative is better or worse 
than another alternative because it has more or less of a given suitable habitat.  However, other 
questions still exist.  For example, does one functional relationship override the results of another 
functional relationship or does one have a greater priority than another.  With continued work on 
the EFM, these types of questions may be answered, but for now, the EFM is used to provide an 
indication of biological suitability.   
 
For the first pilot area evaluated for the Comprehensive Study, engineers and biologists visited 
the lower San Joaquin River to locate areas with riparian seedlings.  The goal was to determine 
whether results from the EFM predicted the location of the riparian seedlings.  The engineers and 
the biologists were able to determine the age of the seedlings.  Team members found over fifteen 
sites with riparian seedlings, all of which were within EFM predicted establishment areas.   
While this evaluation only considered one functional relationship, it is an indicator that the EFM 
may be able to predict the location of suitable habitat for ecosystem restoration projects.  More 
verification will occur in the future. 

 
CONCLUSIONS 

 
The Ecosystem Functions Model (EFM) is intended to help environmental planners, biologists, 
and engineers predict how aquatic and terrestrial ecosystems along a river reach, wetland, or 
estuary may be impacted by changes to the flow regime.  Typically, the changes to the flow 
regime are caused by the introduction of flood damage reduction measures but could also be 
caused by ecosystem restoration projects.  The EFM uses hydrologic and hydraulic data, 
statistical analyses, and GIS spatial coverages to help predict biological responses and is 
applicable to a wide range of ecotypes and Corps’ projects.   
 
While further field verification and case study applications needs to be performed, the techniques 
and results from the EFM are promising.  In the future, the Hydrologic Engineering Center 
expects to add enhanced features to the EFM so that period-of-record evaluations can be 
performed and uncertainties evaluated.  A beta version of the software should be available by 
May 2002. 
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Abstract: Beginning in the 1960's, an increase in the public’s environmental ethics, federal 
species preservation, water quality protection, and interest in free flowing rivers have evolved to 
the current concern for stewardship and conservation of natural resources.  This heightened 
environmental awareness creates a desire for data, models, information management, and 
systematic analysis of multiple scientific disciplines.  A good example of this information and 
analysis need resides in the Green and Yampa Rivers in the Upper Colorado River Basin.  These 
rivers are home to endangered native fish species including the pikeminnow and razorback 
sucker.  The Green River headwaters are impounded by two dams, Fontenelle and Flaming 
Gorge.  The two reservoirs store water supplies as well as generate hydropower.  Conversely, the 
Yampa River is considered unregulated and encompasses most of Dinosaur National Monument.  
Recreation is highly regarded on both rivers including fishing, whitewater rafting, and aesthetic 
values.  Vast areas of irrigated agriculture, forestry, and mineral extraction also surround these 
rivers.  To address this information need, we have developed a prototype Environmental 
Resources Analysis System (ERAS) spreadsheet based decision support system.  ERAS provides 
access to historic data sets, scientific information, statistical analysis, model outputs, and 
comparative methods all in a familiar and user-friendly format.  Information is displayed using 
graphics, maps, color, editable data tables, digital photos and/or short movie clips of river 
sections or attributes (e.g., cross-sections, spawning bars), and simulation graphics.  This 
research project demonstrates a simplified decision support system for use by a diverse mix of 
resource managers, special interest groups, and individuals concerned about the sustainability of 
the Green and Yampa River ecosystem. 
 
 

INTRODUCTION 
 

Dams often regulate Western rivers, altering the physical, chemical, and biological elements of 
the natural ecosystem (Collier, et al.1996).  These perturbed, regulated river ecosystems have 
demonstrated impacts on the physical structure of the watershed, river channel, and floodplain; 
the hydrology and water quality; and the terrestrial, riparian, and aquatic biota (Poff, et al., 
1997). Water demands continue to increase as a result of population growth, dwindling ground 
water supplies, industrial or energy development, snowmaking, and recreation based instream 
flow needs.  Sustainable use of land-based and aquatic resources must be based on an 
understanding of how ecosystems are structured and the functional relationships among biotic 
and abiotic components of the river system (National Research Council, 1992).   
 
River exploitation for flood control, hydropower generation, crop irrigation, and water supply 
has resulted in widespread ecological degradation and loss of biological diversity (The Nature 
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Conservancy, 1996).  The consequences of current regulated river management and development 
have led to declines in abundance of or even extirpation of species, closure of fisheries, 
groundwater depletions, declines in water quality and availability, and loss of wetlands and 
riparian area (Abramovitz, 1996).  The ability to maintain and restore the integrity of river 
ecosystems must be firmly grounded in the understanding that flowing water systems depend 
upon their natural, dynamic character (Poff, et al., 1997).  The natural hydrologic regime is the 
principle factor regulating the ecological integrity of river systems (Karr, 1991).   Once the 
natural hydrologic regime is altered or disrupted by impoundment or diversion of water in a river 
ecosystem, the ecology can be subtly or even dramatically changed (Ligon, et al., 1995).  Data 
and information for managing regulated river systems can help minimize the alteration of the 
physical dynamics, ecosystem structure, and the hydrologic function to preserve biodiversity. 

River System Paradigms 

There are several major paradigms for river ecosystem structure and function.  The river 
continuum concept is based on a longitudinal gradient of physical conditions from watershed to 
mouth for natural streams and rivers (Vannote, et al., 1980). The river continuum from 
headwaters to mouth is a gradient of conditions from a strongly heterotrophic headwater, through 
an annual or seasonal autotrophic process in mid-size rivers, and a return to heterotrophic 
processes in large rivers.   The location along the river continuum where shifts from heterotrophy 
to autotrophy occur, depends on the amount of riparian vegetation and shading, and location 
along the continuum of tributary confluences.  Climate and topography are also factors since dry 
or high elevation may limit vegetation as a source of organic input to headwater streams.  In 
many cases, these alterations can be thought of as reset mechanisms which cause the overall 
continuum to be shifted toward the headwaters or seaward depending on the type of perturbation 
and location on the river system.   

Another paradigm is the flood pulse concept.  In the flood pulse concept for river functioning, 
the effect of seasonal or intermittent increases in stream discharge is equated to ecological health 
(Bayley, 1991).  Anthropogenic effects in regulated river basins often mean that stream 
discharge is maintained at a base flow condition.  Unregulated rivers have hydrographs that vary 
with rainfall and snowmelt and often exhibit a strong seasonal maximum associated with winter 
rains, summer thunderstorms, and spring snowmelt.  The result of these precipitation events is 
inundation of the floodplain at varying intervals, areal extent, and duration.  The species of plants 
and animals adapted to conditions in an unregulated river system are often linked to reproductive 
cues or life stage requirements dictated by floodplain inundation.   

Historically, in the Upper Colorado River Basin, spring snowmelt prepares spawning bars for 
egg deposition by native fish species, eggs hatch as the discharge decreases and larvae are 
carried into rearing habitats such as embayments, slackwaters in eddy complexes, side channels, 
and temporary inundated floodplain areas (Stalnaker and Wick, 2000).  Construction and 
operation of dams including Flaming Gorge, have altered the hydrograph, removing spring peak 
flows in the Green River, and contributed to the listing of 4 species of native fish endemic to the 
Colorado River.  A major factor in declining fish populations for these native species, is 
reduction of spawning and rearing habitat.  Other factors that contribute to declining native fish 
populations include altered thermal regimes, introduction of non-native fish species that are more 
competitive at lower temperatures or prey on young-of-year natives.  Energy dynamics and food 
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production are dependent on floodplain habitats with shallow, littoral zones containing organic 
matter that support greater densities of zooplankton than riverine zones (Welcomme, R.L., 
1989).  These dynamic processes are prerequisites for creating habitat conditions needed to 
support native biota.  Restoration of the spring discharge maximum and inundation of floodplain 
areas that provide nursery habitat is a central tenant for restoration of river and floodplain 
functions. 

The natural flow regime (Poff, et al., 1997) is a paradigm similar to the flood pulse concept.  In 
this paradigm, streamflow quantity and timing are critical components of water supply, water 
quality, and the ecological integrity of river systems.  Streamflow is considered the preeminent 
driving variable for thermal regime, channel geomorphology, and habitat diversity in a river 
ecosystem.  In a regulated river system, both minimum instream flow and peak flow are 
considered parts of the system.  The natural flow regime has an inherent variability in streamflow 
yielding a natural, dynamic character necessary for maintaining a healthy aquatic/riparian 
ecosystem.  This environmental dynamism is critical in sustaining and conserving native species 
diversity and ecological integrity in river systems and plays a critical role in sustaining 
biodiversity.  There are five components of the natural flow regime that regulate ecological 
processes in rivers: the magnitude, frequency, duration, timing and rate of change of hydrologic 
conditions (Poff and Ward, 1989; Richter, et al., 1996; Walker, et al., 1995).   These components 
organize and define the physical structure and habitat of a river ecosystem.  The pattern of spatial 
and temporal habitat dynamics can determine the relative success of many native species that 
have adapted to environmental conditions largely dictated by the natural flow regime.  Alteration 
of the natural flow regime changes the pattern of hydrologic variation and disturbance that also 
alters habitat dynamics and creates new conditions in regulated rivers.  Native species may be 
poorly adapted for these altered conditions. 

USGS-MESC scientists determined that the natural flow paradigm is an appropriate conceptual 
framework for research and modeling tool development in the Green and Yampa River basin, 
located in southern Wyoming, northwestern Colorado, and Utah.  The natural flow regime 
paradigm for river conservation and restoration provides an opportunity to quantify biological 
response to changes in flow regime.  Although Poff, et al., 1997 discuss general ecological 
responses to altered flow regimes, quantitative aspects are not explicitly presented.  The addition 
of quantitative ecological responses and testing these responses in the Green and Yampa River, 
is relevant for answering basic and applied science questions.  Using the natural flow regime as 
the paradigm for river restoration will allow hypothesis testing at single and multi-function 
levels. 

Another key science issue for sustaining river ecosystems is floodplain and river channel 
connectivity and how changes in flow regime influence terrestrial, riparian, and aquatic biota.  
Floodplain and river channel connectivity is also a central tenet for the natural flow regime 
paradigm (Poff, et al., 1997).  The authors discuss the ecological functions of the natural flow 
regime and relate variable flows to geomorphological and habitat conditions in both the river 
channel and the floodplain for aquatic and riparian species.  High and low flow conditions are 
the major focus for discussion of ecological functions, but duration of, timing or predictability of 
flow events, and the rate of change or flashiness of flow conditions, and seasonal access to 
floodplain wetlands are all aspects of function that are included.   
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Understanding life histories for native and endangered species life cycles are also important to 
preserving these species.  Managing natural resources to benefit organisms whose life cycle 
needs are undetermined is a serious constraint when evaluating management strategies intended 
to benefit these species.  Poff, et al., 1997, relate flow components to ecological responses in a 
broad sense, but source material is both national and international in scope.  For the Green and 
Yampa River basin, compiling or determining life history and species biology for native and 
endangered aquatic and terrestrial species would shape and focus conservation and restoration of 
the river ecosystem.   

Sediment transport and the disruption of naturally occurring sediment input in regulated river 
systems is another important component for river dynamics.  Hydrologic processes and flow 
regime are principal factors in determining water movement pathways.  Overland and shallow 
sub-surface flow pathways create hydrograph peaks, while deep groundwater pathways dominate 
base flow processes.  Annual hydrographs in large streams exhibit both surface and groundwater 
influences.  This natural flow regime organizes and defines the river ecosystem, particularly the 
movement of water and sediment within the channel and between the channel and floodplain.  
Poff, et al., 1997 describe the physical habitat of a river as including “sediment size and 
heterogeneity, channel and floodplain morphology, and other geomorphic features” that form “as 
the available sediment, woody debris, and other transportable materials are move and deposited 
by flow.”  Different habitat features in a river are shaped and maintained by variable flows that 
move material in the river channel and provide a connection to the floodplain, at least seasonally.   
The natural variation in the annual hydrograph for an unregulated river ecosystem provides 
ephemeral, seasonal, and persistent types of habitat that promotes the evolution of species that 
exploit the resulting habitat mosaic.  For many of these species, life cycle completion requires 
this array of habitat types provided by a natural, variable flow regime. The Green and Yampa 
River basin provides an opportunity to compare and contrast river channel, floodplain, and 
transportable materials in a regulated and a relatively unregulated ecosystem with respect to 
native terrestrial and aquatic species. 

METHODS AND MODELNG APPROCH 

The approach to the Green/Yampa River basin studies was to synthesize and integrate existing 
information into a DSS (decision support system) utilizing an extensive database.  The Colorado 
River Recovery Implementation Program has been active in the in the Colorado Basin, including 
the Green/Yampa for many years in a long-term effort to restore endangered native fish 
populations in the system, i.e., Colorado pikeminnow (Ptychocheilus lucius), razorback sucker 
(Xyrauchen texanus), humpback chub (Gila cypha) and bonytail (Gila elegans). Flow 
recommendations for the Green River below Flaming Gorge Dam were formulated to protect 
these fish species by the U.S. Fish and Wildlife Service (Muth, et al., 2000).  The Bureau of 
Reclamation Upper Colorado Region in Salt Lake City, UT is preparing an Environmental 
Impact Statement to describe the operational changes in Flaming Gorge Dam to meet the flow 
recommendations (http://www.uc.usbr.gov/envprog/pro/fgeis/).  Investigations on fishery, water 
quality, riparian vegetation, sediment transport, and a variety of other environmental resources 
issues have occurred or are ongoing in the Basin, providing an abundance of data and model 
results. 
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Several software packages were evaluated and a spreadsheet application was developed for the 
prototype DSS.  Figure 1 is the user interface for the prototype Green/Yampa River basin DSS - 
the Environmental Resources Analysis System (ERAS). The spreadsheet model and database are 
currently limited to a few data types; flow, temperature, reservoir storage, hydropower 
generation records, fish population estimates and some results from an IHA (Indicators of 
Hydrologic Alteration) analysis of historical flow data for nine USGS gages in the Green/Yampa 
River basin.   The IHA statistical tools were developed by The Nature Conservancy's 
Biohydrology Program (Richter, et al., 1996).  The IHA software was developed by Smythe 
Scientific Software of Boulder, Colorado.  The DSS prototype was developed using Excel 
spreadsheets and Visual Basic for Applications.   The database was compiled from gaging 
records available on the internet (NWIS), from Earth Info CD's, published reports, and other 
records.  The prototype is currently limited in both scope and functionality, but it provides 
resource managers examples of what information can be compiled, viewed and evaluated using 
statistics and metrics for periodic resource management planning and assessment.   

 
-  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. - User interface screen for the prototype DSS that includes a map of the Green/Yampa 
River basin in Wyoming, Utah, and Colorado. 
 

MODELING DEVELOPMENT PROGRESS AND RESULTS 
 
A conceptual design for ERAS is shown in Figure 2.  In general terms, the intent is to have a 
coupled DSS that utilizes a web browser enabled user interface, a spreadsheet based 
computational component, and a relational database. Both the browser enabled user interface and 
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Figure 2. - Environmental Resources Analysis System conceptual design 
 
the relational database are in the initial development stage.  The first version of these two 
elements will be Java and MySQL applications.  Currently, all elements are Excel and Visual 
Basic for Applications products, consisting of a workbook with individual pages for accessing 
and utilizing data stored on subsequent spreadsheet pages.  Although ERAS has limited data 
types and utility, it is still possible to use the graphical output page to plot all the data types in 
the prototype database.   
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A screen capture for the main graphical output page in the ERAS prototype is shown in Figure 3.  
The graphics output page allows a user to select locations where data is available, identify a 
period of record, what data to plot and provides a clickable icon that executes a macro to 
generate a plot of the desired data.  There a few other features on this page such as adding a trend 
line, adding or clearing data from the graph, and exporting graphed data to an external 
spreadsheet for custom graphics.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. - ERAS graphical output page with example flow data plotted for one location in the 
Green/Yampa River basin. 
 
The ERAS prototype has other computational features contained in subsequent pages that are 
only partly enabled at the current time.  For example, the statistics module only generates 
average monthly and annual flow values.  The metrics module contains a calculation of degree 
days, a useful metric for fisheries evaluations. 
 
USGS-MESC plans to use ERAS for hypothesis testing.  One testable hypothesis, even at this 
early stage in the study, is that the Yampa River represents an unregulated river system.  The null 
hypothesis would be:

Ho:  The annual hydrograph in the Yampa River basin was not affected by construction of 
Steamboat Lake in 1964. 
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The alternative hypothesis would be: 
 
Ha:  The annual hydrograph in the Yampa River basin was affected by construction of Steamboat 
Lake in 194. 
 
To test the null hypothesis, the IHA software was used to analyze gaging records from three 
different locations in the Green and Yampa River basin.  Those locations are : 
Green River at Green River, UT (below Flaming Gorge Dam), the Green River near Jensen, UT  
(below the Yampa River confluence) and the Yampa River near Maybell, CO (below the 
confluence of the Little Snake River).  Typical IHA output for a dam-regulated location is shown 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. - Indicators of Hydrologic Alteration output comparing a pre- and post Flaming Gorge 
Dam hydrograph. 
 
in Figure 4.  The difference in the hydrograph pattern between the two periods of record is 
readily apparent.  However, it's not easy from this figure to determine what seasonal differences 
there are when aggregated pre- and post-impoundment hydrograph traces are compared.  A box 
plot of pre- and post-impoundment annual hydrographs is displayed in Figure 5.  In this figure, 
there are two values for each month of an aggregated water year, one for the pre- and one for the 
post-impoundment periods of record.  The decrease in the magnitude of the spring peak flows 
and the increase in base flows in the summer, fall, and winter periods after Flaming Gorge Dam 
was closed is quite evident.  It is also easy to see that the annual hydrograph doesn't display the 
same degree of variability in the post-impoundment period as it did prior to the operation of 
Flaming Gorge Dam.  The absence of variability in the annual hydrograph is one of the principal 
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causal factors for the decline in native fish species in the Colorado River system and the Green 
River in particular.  The flow recommendations (Muth, et al., 2000) specify restoration of high 
spring flushing flows to prepare substrates on spawning bars and provide cues for reproduction, 
particularly for Colorado pikeminnow. 
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Figure 5. - Box plot of aggregated annual hydrographs for the Green River below Flaming Gorge 
Dam.  The boxes encompass the 25th to the 75th percentile.  The lines above and below the 
boxes indicate the maximum and minimum flows for that month. 

A box plot of aggregated annual hydrographs for the Green River near Jenson, UT is shown in 
Figure 6.  This location is below the confluence of the Yampa River and still exhibits the same 
truncation of spring peak flows and elevation of base flows apparent immediately below Flaming 
Gorge Dam.  This is not surprising when relative discharge is considered.  The average discharge 
in the Yampa River is an order of magnitude less than in the Green River at that location.  
Therefore, the effect of Flaming Gorge Dam is still discernable in the hydrograph, although the  
downstream distance is over 120 km.   

The results of comparing aggregated hydrographs from before and after Steamboat Lake 
construction to determine whether the Yampa River remains relatively unregulated are displayed 
in Figure 7.  Very small differences in the magnitude of spring peak flows are discernable and do 
not represent a decrease, but a slight increase in flows.  There are a number of factors including 
climate change, land use patterns such as irrigation, and urban development with more 
impervious surfaces that may increase surface runoff in some locations that could contribute to 
slightly increased flows.  However, based on IHA analysis results, the null hypothesis cannot be 
rejected, and the Yampa River is apparently a relatively unregulated river system. 

 

 9



 Green River Near Jensen, UT 
30000  

25000  

D
is

ch
ar

ge
, c

fs
 

Pre-dam 

15000 

20000  Post-dam 
 

10000  

5000  

0  

 Water Year 
 Oct    Nov      Dec     Jan      Feb     Mar      Apr     May      Jun       Jul       Aug     Sep 

 

Figure 6. - Box plot of aggregated annual hydrographs for the Green River below the confluence 
of the Yampa River.  The boxes encompass the 25th to the 75th percentile.  The lines above and 
below the boxes indicate the maximum and minimum flows for that month. 
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Figure 7. - Box plot of aggregated annual hydrographs for the Yampa River below the 
confluence of the Little Snake River.  The boxes encompass the 25th to the 75th percentile.  The 
lines above and below the boxes indicate the maximum and minimum flows for that month. 
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CONCLUSION 

USGS-MESC has made some progress on developing the ERAS decision support system model 
for the Green and Yampa River basin.  The ERAS prototype is a subset of data types and 
functionality that is planned for the model over the next three years.  However, we can still test 
some basic hypotheses, display data, calculate monthly and annual mean flows, and have 
representative metrics that will allow resource managers to see what a final product can provide 
for planning water management in regulated rivers to meet multiple use objectives.  The final 
product will also allow managers to determine tradeoffs when water supplies are short, such as 
during periodic droughts or to plan for increased population growth over time.  The most 
valuable facet of the ERAS DSS may reside in the compilation of data into a central database.  
This database provides institutional memory regarding the amount and types of information that 
are available for resource management use in the Green/Yampa River basin.     
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Abstract One of the major concerns of forest management is water quality degradation due to 
elevated runoff and soil disturbance. On-going climate change adds another dimension to the 
hydrologic and water quality responses to intensive forest management practices. Past forest 
hydrologic research suggests hydrologic responses from forest disturbance and climate change 
show varying magnitude across a climatic and topographic gradients. Such diverse responses 
require different management strategies.  By scaling up watershed-scale studies, we developed a 
generalized empirical model that predicts water yield effects of forest harvesting and climate 
change across the Southern US. Independent variables in the model include precipitation, 
potential evapotranspiration, land cover types, and topographic characteristics.  This paper 
presents model validation at watershed and regional scales, using USGS streamflow data and 
long-term observation data from experimental watersheds across the southern US. We applied 
the model to the southern region by integrating with landcover and high resolution climate 
databases by using a Geographic Information Systems (GIS). Vulnerable and sensitive areas of 
potential hydrologic responses to forest management practices are identified to provide scientific 
information to land managers across the region. 
 

INTRODUCTION 
 

It has long been recognized that forests, currently covering over 50% of the Southern US, play a 
great role in regulating the water resources in the region (Douglas, 1983).  Recent released 
Southern Forest Resource Assessment (http://www.srs.fs.fed.us/sustain) concludes that southern 
forests are a vital factor in maintaining and improving water quality in the South. Although forest 
lands provide the best water among other landuses, there are many concerns in the southern US 
about hydrologic responses and cumulative impacts on water quality from intensive forest 
management practices that include timber harvesting, bedding, drainage, fertilization, and 
prescribed burning. Annually, approximately 3600 miles of rivers and streams were considered 
potentially impaired by pollution from silvicutural activities throughout the South (Fulton and 
West, 2002). 
 
Past studies suggest the most obvious and immediate response of a watershed to harvesting 
disturbance is increase in water yield due to the reduction of total ecosystem evapotranspiration. 
Associated with this increase in runoff is elevated nutrient and sediment loading to streams 
(Swank et al., 2001). With the recovery of vegetation and ecosystem reestablishment, hydrologic 
and water quality effects diminish. Recent studies suggest the magnitude of hydrologic response 
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and the time required to recovery to pre-disturbance levels differ greatly for various systems (i.e. 
forested wetlands vs. upland mountains) (Sun et al., 2001). Both climate (precipitation and ET) 
and topographic features control the hydrologic processes and responses to hydrologic 
disturbances. As in any region, precipitation and temperature in the southern US are affected by 
latitude and altitude (Calvo-Alvarado and Gregory, 1997). Redistribution of energy across 
latitude and elevation gradients results in the diverse forest community and hydrologic processes. 
For example, shallow groundwater tables dictate the slow moving streamflow processes in on the 
flat coastal plains with over 70% of precipitation returning to the atmosphere as 
evapotranspiration. Absolute values of hydrologic responses in coastal forested wetlands were 
found to be low and short-lived. In contrast, upland watersheds in the Piedmont and mountains 
have lower ET (30-70% of precipitation) but higher stream flow peaks and volumes (Sun et al., 
2002). The magnitude of hydrologic response is relatively higher and recovery time is longer for 
hilly upland systems. 
 
There have been several attempts to model the hydrologic response to forest management at a 
large scale and to examine all the factors and their interactions that affect watershed responses. 
Douglass (1983) derived a general empirical equation to estimate water yield increase for the 
Appalachian hardwoods. Unfortunately, the model does not include precipitation as an 
independent variable, thus has limited use for other similar mountain regions. The empirical 
WRENSS (US Forest Service, 1980; Huff et al., 1999) water yield methodology derived from 
hydrologic models and experimental data is the first effort to model hydrologic response at a 
regional scale. However, this approach has not been computerized and applied in the South, a 
rainfall dominated region with complex climate and topographic conditions. No single 
conceptual or computer model can describe the hydrological processes in southern forest 
ecosystems. 
 
The recent National Assessment on Climate Change suggest climate change and variability will 
have dramatic effects on both water and forests in the Southern US (US Global Change Program, 
2000). The Southern US is becoming wetter (more streamflow) due to increased precipitation) 
and water quality is degrading due to intensive agricultural practices, urban development, coastal 
processes, and mining activities. A generalized regional scale hydrologic model is needed to 
address the climate change on water availability in forest ecosystems (US Global Change 
Program, 2000). 
 
This paper reports on the development of a generalized model that can examine the annual water 
yield response to forest harvesting, landuse change, and climatic change across a climatic and 
topographic gradient in the southern US. Our ultimate objectives were to assess the a regional 
potential impacts of silvicultural practices, projected climate change, and their combined effects 
on evapotranspiration and water quantity and quality across the southern US region. 
 

METHODS 
 
Model Development 
 
Although the seasonal timing of hydrological response is important to water quality impacts, we 
focus on the annual and long-term impacts at a large spatial scale. We adopted a simple 
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generalized empirical evapotranspiration model that uses readily available climate databases and 
vegetation information derived from remote sensing imaginary (Zhang et al., 2001). Using 
hydrologic data from over 250 watersheds worldwide, Zhang et al. (2001) found mean annual 
actual evapotranspiration (AET) was closely correlated to precipitation (P) and Priestley and 
Taylor potential evapotranspiration (PET) and proposed the following AET model.  

PET
P

P
PETw

P
PETw

PAET
++

+
=

1

1
/                             (1) 

 
where, w is the plant-available water coefficient and represents the relative differences of water 
use for transpiration. The w parameter was reported as 0.5 for shortgrass and crops and 2.0 for 
forests in Zhang et al. (2000).  For a watershed with mixed land uses: 
 

AET = ∑(AETi * fi)                                            (2) 
 

Where, fi is the percentage of landuse i.  
 
Then, long-term water yield (S) is estimated by the water balance equation, S = P – AET, by 
assuming the change of storage is negligible.  
 
In lieu of net solar radiation data, this study calculated PET for each watershed using Hamon’s 
temperature based method, a simple but comparable in prediction accuracy to other more 
sophisticated approaches (Vörösmarty et al., 1998; Lu, 2002). There are reports that upland 
conifer forests use as much as 20% more water than deciduous forests (Swank and Douglass, 
1974). We revised the model by dividing the forest category into two species levels, deciduous 
and conifers to reflect the differences of water use among forest types. Also, we classify the 
entire region into uplands and lowlands to reflect the effects of topography on hydrologic 
balances. Therefore, a different set of w parameter were obtained for the region. 
 
Databases for Model Validation at a Watershed Scale and a Regional Scale 
 
The revised model was first calibrated with streamflow data at the watershed level. Then, the 
calibrated model was applied to the region and validated with gridded USGS streamflow data. 
 
Watershed characteristics, landcover, and long-term hydro-meteorological data for 40 forested 
watersheds across the southern US with size ranging from 25.0 to 821,285 ha was assembled into 
a Geographic Information Systems (GIS) (Fig. 1). Daily streamflow data for the selected large 
watersheds were downloaded from the USGS web page 
(http://water.usgs.gov/usa/nwis/help/?redirect=nwis_w_redirect), while data for the other seven 
smaller fully forested watersheds were obtained from a collaboration research. The five 
watersheds are long-term forest experimental sites located in Branford Forest, FL, Santee 
Experimental Forest, SC, Cateret 7, NC, Park Tract, NC, Coweeta Hydrologic Lab, NC, and 
Walker Branch, TN; Robinson Forest, KY (Fig 1). Precipitation and air temperature data for the 
USGS gaged watersheds were obtained from the weather stations closest to the watersheds. Land 
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cover for each of the 32 USGS watersheds were was derived from the National Land Cover Data 
set (NLCD) remote sensing data (http://edc.usgs.gov/glis/hyper/guide/mrlc#mrlc4) developed at 
MRLC and was aggregated into seven land types. Two watersheds were found to be outliers. 
One located in Mississippi has large portion classified as water body. Another one located in 
western NC was suspected having problems in climate data. Precipitation values were too low, 
presumably due to topographic effects. Thus, only 38 watersheds were included for comparisons 
between predicted streamflow (P-predicted AET) and measured streamflow. 

 
Figure 1. Selected watersheds and landuse/landcover across the southern US.  
 
The historic (1961-1990) VEMAP climate database (0.5 degree or 46 km resolution) (Kittel et 
al., 1997) was used to extrapolate the calibrated AET model to the entire southern region 
encompassing 13 States. Landcover compositions of the each of the 0.5 degree cell were derived 
from the 30 m MRLC remote sensing data. The gridded USGS stream flow (Gerbert et al. 1987) 
data were scaled up to the 0.5 degree resolution and compared to predicted values by the revised 
model on a cell by cell basis across the entire region. 
 
Model Application at the Regional Scale 
 
The calibrated hydrologic model was applied to the southern region to study the annual water 
yield responses to forest harvesting at a regional scale. The model can also be used to study the 
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effects of global climate change on water yield since the model is sensitive to air temperature and 
precipitation changes. 
   
An averaged long-term high resolution (4 km) climate datasets for the continental US (Daly, 
2000) were acquired to project water yield effects from forest conversions to other landuses. The 
MRLC landcover data for the region were used to as a base map to display the predicted 
hydrologic variables at a finer spatial scale (30 m) for three forest types (evergreen, deciduous, 
and mixed forest). 
 

RESULTS AND DISCUSSION 
 
Model Calibration at the Watershed Scale 
 
The AET model (Eq. 1) with default w parameters of 0.5 and 2.0 for forests and grasslands 
greatly overestimated AET for upland watersheds dominated by deciduous trees (Fig 2). The 
discrepancy between modeled and ‘measured’ AET (Precipitation-Stremflow) was most 
pronounced for the upland hardwoods watersheds located in the northwestern North Carolina, 
western Virginia, Kentucky, and Tennessee. Several reasons may explain the discrepancies: 1) 
The current AET model does not differentiate forest types (evergreen and deciduous) and 
landscape topographic features (slopes), 2) the Hamon’s PET model is not appropriate to the 
mountain watersheds, and 3) errors may exist in the precipitation and air temperature for the 
highly heterogeneous large mountain watersheds resulting in errors in ‘measured’ AET values. 
 
We increased the w parameter for evergreen forests from 2.0 to 2.8 to achieve the best fit to all 
the data points. Based on reports that evergreen forests use 20% more water than hardwoods at 
an ecosystem level due to canopy interception differences (Swank and Douglas, 1974), we 
reduced predicted AET (w=2.8) for mountain and Piedmont hardwood forests by 20%.  The w 
parameters was set as 2.0 and 0.0 for crop lands and urban lands, respectively. For wetlands or 
water bodies, we assume AET equals to the minimum of precipitation and PET. Measured 
streamflow data were compared to predicted (Precipitation – Predicted AET) values (Fig. 3) for 
the thirty eight watersheds. Regression analysis found that when the intercept was set as zero 
measured and predicted streamflow data were highly correlated with regression coefficient R 
being equal to 0.83 and a slope of 1.05 (Fig. 3).  
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Figure 2 Measured AET and comparison with modeled by the default and revised model.  
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Figure 3. Predicted streamflow is highly correlated with measured from thirty forest-dominated 
watersheds.  
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Model Validation at the Regional Scale 
 
At the regional scale, a fairly high correlation coefficient (R) 0.81 and a slope of 0.96 were 
achieved when comparing modeled water yield with USGS measured data (Fig 4). The model 
over-estimated somewhat for the dry (runoff less than 300 mm/yr.) shrub lands region in western 
Texas, suggesting some uncertainty of the AET model for this landcover. However, overall, the 
model performed well across the region, especially in the forested areas (Fig 5). 
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Figure 4. Comparisons between simulated water yield and gridded USGS runoff data (0.5 degree 
scale) across the southern US.   
 
Model Application at the Regional Scale: Effects of Forest Removal 
 
Clearcutting Appalachian upland deciduous forests resulted in 15-40 cm increase in water yield 
depending on watershed aspects (Douglass 1983). Clearcutting pine flatwoods in Florida on 
coastal plains increased water yield for about 15 cm on average (Riekerk 1989). First year water 
yield response was found to be closely correlated with precipitation in the Pacific Northwest 
(Harr, 1983). Regional water yield at the scale of the climatic data set (4 km) is estimated as the 
difference between precipitation and AET for each of the three forest types. Highest water yield 
occurred in the steep Appalachian mountains with lower air temperature and high precipitation 
(Fig. 6). 
 
Clear-cutting effects on water yield were approximated by a reduction of the w parameter, thus 
AET, from 2.8 to 0.0. Because deciduous forests are assumed to use 20% less water, tree 
removal had less impact on water yield when compared to evergreen forests at the same climatic 
and topographic regions. As indicated in Equation 1, total precipitation, PET and tree species 
distribution patterns are the three factors that influence regional hydrologic responses.  Annual 
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water yield increase was predicted to range widely from 440 mm/year to less than 50 mm/year in 
the dry region (Fig . 7). We found the regions with the highest hydrologic response in the 
Piedmont did not overlap with the areas with the highest runoff (Fig. 6).   
 
 
 

 
Figure 5. Differences between modeled and predicted water yield (0.5 degree scale) across the 
southern US. 

 
CONCLUSIONS 

 
We calibrated and revised a simple actual evapotranspiration (AET) model at a watershed and a 
regional scale using long-term measured climatic and hydrologic data across the southern US. 
The resulting validated model adequately described the regional distribution patterns of long-
term annual evapotranspiration and water yield for major landuse/landcovers in the region.  This 
model has the potential to be applied to examine the sensitivity of water yield response to 
landuse and climate change on a long term basis. Preliminary application of this model 
concludes that forest removal will increase streamflow with a large spatial variation across the 
southern region. We predict that landuse changes from forest to urban  (i.e. clear-cutting) will 
have the highest impact in areas with high precipitation and pine forest covers. 
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Figure 6. Predicted long-term annual water yield for southern forests at a 4 km spatial 
resolution. Values are displayed at a 30 m landuse/landcover resolution.     
 

 
 
Figure 6. Predicted long-term annual water yield response to forest removal at a 4 km 
spatial resolution. Values are displayed at a 30 m landuse/landcover resolution.     
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DISCUSSION OF THE BENEFITS AND LIMITATIONS OF 
THE MODELS AGNPS AND ANNAGNPS 

 
By V. L. Finney, Geologist, Natural Resources Conservation Service, 430 G St.,   
             #4164, Rm. 246,      Davis, CA. 95616-4164 

 
Abstract:  Case studies are used to discuss the strengths and weaknesses of the models 
AGNPS vs. 5.0 and AnnAGNPS vs. 2.02.  The case studies used to discuss application of 
the models are Cold Creek, S. Lake Tahoe, El Dorado County, CA. and Clear Creek 
Watershed, Shasta County, CA.  An EXCEL template is used to facilitate comparisons of 
model calculated fifty year data to field data.  Model calculated data sets are compared to 
Lake Tahoe Interagency Monitoring Program (LTIMP) data sets for Lake Tahoe.  The 
author uses his personal experience as a participant in development of the AGNPS model 
from 1989 to 1992 and as a BETA tester of the AnnAGNPS model to compare the 
usability, process modeling, and spatial accuracy of the two models. 
 

INTRODUCTION 
 

AGNPS:  The AGNPS  (Agricultural Nonpoint Source) model (Young et. Al, 1987) was 
developed by the Agricultural Research Service (ARS) in cooperation with the Minnesota 
Pollution Control Agency and the Soil Conservation Service (NRCS, formerly SCS)  The 
AGNPS model was developed to predict non point source pollutant loadings within 
agricultural watersheds.  The model simulates runoff, sediment, and nutrient transport.  
The nutrients considered include nitrogen (N) and phosphorus (P), both essential plant 
nutrients and major contributors to surface water pollution.  Basic model components 
include hydrology, erosion, and sediment and chemical transport.  The AGNPS model is 
no longer supported but is available on line at 
http://www.sedlab.olemiss.edu/AGNPS98.html. 
 

AnnAGNPS:  The annualized Agricultural Non-Point Source Model (AnnAGNPS) is a 
joint USDA Natural Resources Conservation Service and Agricultural Research Service 
model (Darden et. Al, 1998) developed to predict non point source pollutant loadings 
within agricultural watersheds.  It is a continuous simulation, surface runoff model 
designed for risk and cost/benefit analyses. AnnAGNPS includes up-to-date technology 
(e.g., RUSLE (Renard, K.G.et. al,1997)), winter routines, pesticides, & limited GIS 
support to assist with data preparation) as well as the daily features necessary for 
continuous simulation in a watershed. Information requests, copies of the model, and 
model documentation can be downloaded from the AGNPS 98 WEB site at: 
http://www.sedlab.olemiss.edu/AGNPS98.html. 
 

EXCEL TEMPLATE:  A program was developed by Michael Anderson, Post 
Doctorate, UC Davis to read data from the event output file of AnnAGNPS 2.0 and write 
the output in time series format for each subwatershed specified in the event output file as 



well as the outlet.  EXCEL spreadsheet templates were constructed to automate plot 
construction of results for time series and other statistical analysis. 
 

CASE STUDIES 

COLD CREEK WATERSHED, S. LAKE TAHOE, EL DORADO CO., CA.: 
 
SEDIMENT:  The program developed by Michael Anderson facilitated AnnAGNPS vs. 
2.02 plots of fifty year sediment versus runoff for the Cold Creek Watershed.  These plots 
appear to reasonably display sediment versus discharge.  Figure 1 below is displayed here 
as an example. 

Figure 1 

50 yr. Av., 113 MT

9.1 MT/ sq. mi.

 
The fifty year average sediment yield of 113 MT calculated from the AnnAGNPS model 
is displayed against Lake Tahoe Inventory Monitoring Program (LTIMP) measured 
average annual suspended sediment (SS), Figure 2. 
The nine LTIMP data points in Figure 2 are averages from WY 1989 to WY 1996 (Lake 
Tahoe Watershed Assessment 2000).  The average annual suspended sediment loads 
(MT) are: Trout- 797.5, Upper Truckee –3305.4, General –201.0, Blackwood –2094.5, 
Ward –898.7, Third –3942.4, Incline –31.9, Glenbrook – 31.9, Logan House –5.7.  The 
113 MT data point from AnnAGNPS appears to fit with the nine LTIMP data points in 
Figure 2.  One is inclined to believe from this comparison that it would be reasonable to 
use the AnnAGNPS model to prioritize watersheds in the Tahoe Basin for 
implementation of BMPs to reduce sediment. 
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Figure 2 
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NUTRIENTS: The program developed by Michael Anderson facilitated plots of fifty 
year nutrient plots.  Figure 3 below is an example of one of these plots.  The 50 yr 
AnnAGNPS calculation of 11.1 MT is nearly as large as the value of 17 MT estimated by 
Heyvaert, A. & Reuter, J., 2000 for all stream loadings to Lake Tahoe (Table 1). 
 

Figure 3 
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Table 1 
LAKE TOTAL N TOTAL P SOLUBLE P
INPUTS       MT       MT       MT

ATMOSPHERIC 233.9 12.4 5.6
STREAMS 81.6 13.3 2.4
DIRECT RUNOFF 41.8 15.5 5
GROUNDWATER 60 4 4
SHORELINE EROSION 0.75 0.45 NO DATA
TOTAL 418.1 45.7 17

SOURCE: HEYVAERT and REUTER (TRG, unpublished)
 
 
On the other hand, a single AGNPS vs. 5.0 storm run gave results comparable to actual 
measured values for a storm on August 3rd, 2000.  Table 2 below compares AGNPS 
calculated soluble N and soluble P for the storm of August 3rd, 2000 to measured data 
from the same storm.  Following procedures in Agriculture Handbook Number 537, 1978 
a calculated storm EI of 13.48 was used in this model run.  Rain samples taken and 
analyzed by UC Davis, CA for the month of August from 1996 through 1998 were 
averaged to derive a N in rain input of 0.76 ppm.  A transport decay of 10% was used for 
soluble N and 1% for soluble P.  The AGNPS calculations are compared in Table 2 to UC 
Davis flow weighted composite samples taken in a storm drain sampler approximately 
the outlet of cell 198 in the AGNPS model.  This comparison suggests that the AGNPS 
model could be an useful tool in prioritizing watersheds and sub-areas within watersheds 
for BMP implementation.  However, it is also clear that AGNPS outputs need to be 
increased beyond two significant figures. 
 

Table 2 
AGNPS 
RUN 

No fert. 
 

No fert. 
 

Fertilized 
 

Fertilized Fertilizer+ 
Animals 

Fertilizer+ 
Animals 

N in rain 
0.38ppm 

RO sol. N   
    ppm 
 

RO sol. P   
    ppm 
 

RO sol. N 
    ppm 
 

RO sol. P   
    ppm 
  

RO sol. N    
    ppm 
 

RO sol. P   
    ppm 
 

Cell 193 0.07 0.02 0.08 0.02 0.08 0.02 
Cell 194 0.07 0.02 0.07 0.02 0.07 0.02 
Cell 195 0.07 0.02 0.08 0.02 0.08 0.02 
Cell 198 0.06 0.02 0.06 0.02 0.06 0.02 
       
Flow 
Weighted 
Samples 

0.05 0.02     

 Pounds pounds pounds pounds pounds pounds 
AGNPS 0.27 0.22 0.27+ 0.22+ 0.27+ 0.22+ 
LAB 0.22 0.22 0.22 0.22 0.22 0.22 

 4



CLEAR CREEK WATERSHED, SHASTA COUNTY, CA.:  The AGNPS model was 
used to calculate average annual sheet and rill erosion for a Sediment Budget for the 
Clear Creek Watershed near Redding , CA.(NRCS 1999) Figure 4.  The Lower Clear 
Creek Erosion Inventory (LCCEI) provided estimates of sediment from roads, channels, 
hill slopes, trails, and ditches (WSRCD, 1998).  Also included in the Sediment Budget 
are estimates of a detailed stream bank erosion inventory (Evans and Garbuttt, 1998).  
Additional estimates of watershed-wide “dry ravel” were based on 1995 field observation 
of dry ravel deposits (nonpoint gravity sediment deposits –typically smaller in area than 
talus or scree) in the South Fork of Clear Creek.  The sheet and rill outputs from the 
AGNPS run were adjusted to reflect the lack of aggregation of soil and sediment particles 
in this watershed.  Delivery ratios were also adjusted since the sediment transport 
equations in AGNPS do not handle sediment particles larger than coarse sand.  The 
average calculated sediment concentration of 200 ppm compares favorably to regional 
stream concentration less than 100 ppm reported by Smith, et. al 1999.  In summary, 
development of this sediment budget required judgement outside the model. 
 

                           Figure 4
                      AVERAGE ANNUAL
LOWER CLEAR CREEK SEDIMENT YIELD BUDGET
                    IN TONS PER YEAR (7/7/98)
SEDIMENT PARTICLE SIZES

CLAY CLAY SILT SILT SAND SAND GRAVEL GRAVEL COBBLES COBBLES  
<0.004 m.m.  Per Cent 0.004 to 0.062 m.m.  Per Cent 0.062 to 2 m.m.  Per Cent 2 m.m. to 64 m.m.  Per Cent 64 m.m. to 256 m.m.  Per Cent

SEDIMENT SOURCES

WATERSHED
SHEET AND RILL 7377 98 6787 95 15345 71 0 0
MASS WASTING 0 0 0 0 0
DRY RAVEL 0 0 5246 24 0 0
CHANNELS      
   First Order 3 0 5 0 14 0 3 2 3 2
   Second Order 20 0 39 1 98 0 20 12 20 13
   Third Order 6 0 13 0 32 0 6 4 6 4
   Fourth Order 12 0 23 0 58 0 12 7 12 8
   Fifth Order 101 1 202 3 506 2 101 61 101 67

     
CRITICAL AREAS      
ROADS      
   Cut Banks 0 0 0 0 23 0 1 0 0 0
   Road Surface 12 0 70 1 35 0 0 0 0 0
   Fill Slope 0 0 2 0 113 1 4 2 1 1
   Stream Crossing 0 0 0 0 34 0 17 10 6 4

     
CHANNELS      
   Headcut 3 0 6 0 19 0 0 0 0 0
   Stream Bank 0 0 2 0 6 0 1 1 0 0
   Breached Dam 1 0 1 0 0 0 0 0 0 0

     
     

HILL SLOPES      
   Gully 1 0 1 0 49 0 1 1 1 0
   Sheet & Rill 0 0 0 0 1 0 0 0 0 0
   Mass Movement 0 0 0 0 4 0 0 0 0 0

     
TRAILS      
   Road Surface 0 0 3 0 1 0 0 0 0 0
   Fill Slope 0 0 0 0 4 0 0 0 0 0
   Stream Crossing 0 0 0 0 0 0 0 0 0 0

     
DITCHES      
   Gully 0 0 0 0 4 0 0 0 0 0

     

SUB-TOTALS 7535 7155 21594 166 150

DRY RAVEL VOLUME BASED ON 1995 FIELD OBSERVATION OF DG IN SOUTH FORK  CLEAR CREEK
CRITICAL AREA SEDIMENT VOLUMES TAKEN FROM WESTERN SHASTA RCD LOWER CLEAR TOTAL TONS
CREEK EROSION INVENTRORIES (WSRCD 1996, WSRCD 1998) 36599

AVERAGE CONCENTRATION 200 ppm  
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MODEL COMPARISON 

AGNPS vs. AnnAGNPS:  The author offers the following comparison of the two 
models, Table 3.  This comparison is based on the authors personal experience using the 
two models.  The author participated in the development of the AGNPS model as a 
liaison to ARS from 1989 – 1992 and is a BETA tester of the AnnAGNPS model.  Where 
numeric values are shown, the lowest possible rating is one and the highest possible 
rating ten. 
 

Table 3 
 

Topic Sub-topic AGNPS AnnAGNPS 
Usability Quick 8 2 
Usability Ease of use 7 1 

Georeferenced  no yes 
Spatial accuracy  Hand done DEM resolution 

Erosion Sheet and rill Correct magnitude Correct magnitude 
Erosion Ephemeral gully Void estimates Void estimates 
Erosion Permanent gully Void estimates Void estimates 
Erosion Stream bed Incidental Incidental 
Erosion Stream bank Void estimates Void estimates 
Erosion Flood plain scour Void estimates Void estimates 
Erosion Out of bank 

channel 
Void estimates Void estimates 

Erosion Mass wasting Void estimates Void estimates 
Erosion Road Estimated Estimated 
Erosion Dry Raveling Estimated Estimated 

Remobilization Upland no no 
Remobilization  Channel no no 
Remobilization Floodplain no no 
Sediment Yield Outlet Correct magnitude Correct magnitude 
Sediment Yield Source Correct magnitude Correct magnitude 

Nutrients Total N and P Correct magnitude Incorrect 
magnitude 

Nutrients Soluble N and P Correct magnitude Incorrect 
magnitude 

Snow melt Water Routine available Routine available 
Snow Nutrient flux Not modeled Not modeled 

Hydrology Water routing 4 8 
Interflow Water Not modeled Not modeled 

Soils Aggregates Fixed User Choice 
Sediment Aggregates Fixed User Choice 
Sediment Particle size Clays to coarse 

sand 
Clays to coarse 

sand 
Sediment Colloids Not modeled Not modeled 
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DISCUSSION 
 
The time is long past for having a watershed model that can be applied in the field to 
assess and prioritize sediment and nutrient sources and the impacts of Best Management 
Practices (BMPs).  While the AnnAGNPS model shows promise of being such a tool, its 
usability limits its application in the field.  The AGNPS model on the other hand is user 
friendly and requires limited training to apply.  However, as a dos model it will not run in 
Windows 98 or later versions of Windows. 
 
As identified in Table 3, both models have limitations and their application requires 
knowledge of processes affecting sediments and nutrients.  Each watershed is unique.  In 
the case of Lake Tahoe, it is important to be able to model the fate and transport of 
colloids.  The modeling needs at Clear Creek are at the opposite end of particle size. 
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SUBSURFACE FLOW COMPONENT DEVELOPMENT FOR 
AnnAGNPS 

Y. Yuan1 and R. L. Bingner2 

ABSTRACT 
The Annualized Agricultural Non-Point Source Pollutant Loading model (AnnAGNPS) is a 
watershed scale, continuous simulation, daily time step model.  It is currently utilized in many 
locations of the U.S. by EPA, NRCS and others to estimate the impact of BMPs on non-point 
source pollution.  The model has many unique and powerful features, but until recently, did not 
include the simulation of subsurface flow processes such as tile subsurface drainage, subsurface 
lateral flow, and groundwater flow.  However, this flow can be significant in areas with soils 
having high hydraulic conductivities in surface layers and an impermeable or semipermeable 
layer at a shallow depth.  In addition, when simulating the effects of riparian buffer strips, the 
simulation of these flow conditions is very important.  

Subsurface lateral flow, including a tile subsurface drainage feature, was incorporated into 
AnnAGNPS and discussed in this paper.  Subsurface lateral flow was determined using Darcy’s 
equation.  Users have several options available within AnnAGNPS to determine the impact of 
tile subsurface drainage based on the availability of information on the system.  Subsurface 
lateral flow is assumed to only occur when soil becomes saturated.  The impact of subsurface 
lateral flow on total runoff depends on the rainfall amount, soil properties and the drainage 
systems. 

INTRODUCTION 
Numerous hydrologic and water quality models have been developed during the past two 
decades to assist in understanding the basic hydrologic processes.  Those models are frequently 
used to analyze data as well as predictive tools to predict the impact of changes in watershed 
attributes on water quantity and quality.          

Watershed simulation models have proven to be effective tools in watershed evaluation and 
management (Yuan et al, 2001; Arnold et al, 2001; Bhuyan et al, 2001; Spruill et al, 2000; 
Arnold and Allen, 1996; Rosenthal et al, 1995; Mitchell et al, 1993).  The Annualized 
Agricultural Non-Point Source Pollutant Loading model (AnnAGNPS) is one such advanced 
technological watershed evaluation tool.  The development of AnnAGNPS has been through a 
partnering project with the United States Department of Agriculture (USDA) – Agricultural 
Research Service (ARS) and Natural Resources Conservation Service (NRCS) to aid in the 
evaluation of watershed response to agricultural management practices (Cronshey and Theurer, 
1998).   

AnnAGNPS is a watershed scale, continuous simulation, daily time step model.  It has been 
developed as a replacement for the single-event model, AGNPS.  AnnAGNPS includes 
significantly more advanced features, but retains many of the important features of AGNPS 
                                                           
1 Postdoctoral Research Associate, National Sedimentation Laboratory, Agricultural Research Service, USDA.  

Yyuan@ars.usda.gov. 
2 Agricultural Engineer, National Sedimentation Laboratory, Agricultural Research Service, USDA.  

Rbingner@ars.usda.gov. 
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(Cronshey and Theurer, 1998).  Because of the continuous nature of AnnAGNPS, daily climate 
information, which includes daily precipitation, maximum and minimum temperatures, dew 
point temperature, sky cover and wind speed, is needed to account for the temporal variation in 
the weather.  The spatial variability of soils, landuse, and topography within a watershed, is 
accounted for by dividing the watershed into many homogeneous, drainage area determined 
cells.  Runoff, sediment, and chemicals are routed from each cell through a channel network to 
the outlet of the watershed.   

The model is currently utilized in many locations of the U.S. by the Environmental Protection 
Agency (EPA), NRCS and others to estimate the impact of best management practices (BMPs) 
on nonpoint source pollution.  The model has many unique and powerful features, some of which 
are: 1). computationally efficient; 2). allows considerable spatial detail; 3). most inputs are 
readily available through NRCS & other agencies databases; 4). capable of simulating land 
management scenarios (Yuan et al, 2001); 5). gives reasonable results (Yuan et al, 2001); 6). 
ability of tracking source and relative contribution of pollutants down through the channel 
network to the outlet of the watershed.   

However, until recently, AnnAGNPS (previous to Version 2.2) only simulated surface runoff 
with percolation as the only subsurface flow process, with no subsurface lateral flow, tile 
subsurface drainage, or baseflow.  This gap between surface simulation model and subsurface 
model is present in many hydrologic and water quality models.  Few models emphasize both 
impacts of surface and subsurface flow on water quality.   

Assumed previously within AnnAGNPS was that percolation below the soil profile would be lost 
from the system and ignored.  Thus, subsurface lateral flow or tile subsurface drainage was not 
simulated.  However, these flows can be significant in areas with soils having high hydraulic 
conductivities in surface layers, an impermeable or semi-permeable layer at a shallow depth.  For 
instance, in most areas of the Midwest, the agricultural fields are so flat, the predominant flow to 
surface water is subsurface seepage or tile subsurface drainage to channels (Mitchell, et al, 2001; 
Yuan et al, 2001).  In addition, when simulating the effects of riparian buffer strips, the 
simulation of these flow conditions will be important.  

 The objectives of this paper are to: 1) briefly describe the available hydrologic components of 
AnnAGNPS; 2) and describe the development of subsurface lateral flow and tile subsurface 
drainage processes incorporated within AnnAGNPS V2.2. 

METHOD AND PROCEDURES 
Hydrologic Components Within AnnAGNPS  
The hydrology components within AnnAGNPS are based on the water balance equation, which 
incorporates a simple bookkeeping of inputs and outputs during a day.  The original equation 
was: 

Z
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where: SMt = moisture content for each soil layer at beginning of time period (fraction); 
 SM t+1 = moisture content for each soil layer at end of time period (fraction); 
            WIt = water input, consisting of precipitation or snowmelt plus irrigation water 
                    (mm);  
            Qt = runoff (mm); 
            PERCt = percolation of water out of each soil layer (mm); 
            ETt = potential evapotranspiration (mm); and  
            Z = thickness for soil layer (mm), and t is time period. 

This balance is simulated for two AnnAGNPS composite soil layers.  The first one is 203 mm in 
depth from the surface, typically termed as the tillage layer, as defined by RUSLE (Renard et al, 
1997).   The second layer is from the bottom of the tillage layer to either an impervious layer or 
the user supplied depth of the soil profile.   

AnnAGNPS is a daily time step model.  However, because of the strong nonlinear dependence of 
the rate of percolation and evapotranspiration on soil water content, the daily time step can be 
too large to simulate percolation and evapotranspiration adequately.  Therefore, soil moisture is 
calculated using sub-daily time steps.  The day is divided into several time steps of equal length, 
and the moisture input is considered to be uniform during the course of the day.  The number of 
time steps within a day can be specified by the user, with a default value of 8 time steps in a day, 
which results in 3-hourly time steps.  Other watershed models, such as SWAT (Arnold et al, 
1998), deals with this issue by dividing water input into 4-mm slugs and routing these slugs 
separately.   

The soil moisture (SM) is considered to be valid for the beginning of a day, while the inputs and 
outputs occur during the course of the day.  The water input (WI) includes snowmelt, 
precipitation, and sprinkler irrigation water.  The runoff (Q) is determined using the Soil 
Conservation Service (SCS) Curve Number method (SCS, 1985).  For the second soil layer, the 
water input (WI) is the percolation from the first layer, and runoff (Q) is zero.  Subsurface lateral 
flow is not considered.  Evapotranspiration is calculated using the Penman equation.  Percolation 
is the downward drainage of soil water into lower layers and only the downward drainage of soil 
water by gravity is applied.   

Subsurface Flow 
The phenomena of water infiltrating from the soil surface to where subsurface lateral flow or tile 
subsurface drainage occurs is governed by complex processes.  Mathematical representations for 
some of these processes include:  infiltration during a rainfall event, redistribution of soil water, 
and subsurface lateral flow once water ponds above the impermeable layer forming a saturated 
zone of water or/and tile subsurface drainage once the water table has risen above the level of the 
drain pipes.   

Darcy’s equation provides a widely used and accurate description of subsurface flow.  In general, 
it applied to saturated flow and unsaturated flow, steady state flow and transient flow, flow in 
homogeneous systems or heterogeneous systems, and isotropic media or anisotropic media 
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(Freeze and Cherry, 1979).  Therefore, Darcy’s equation was chosen to simulate subsurface 
lateral flow and only the saturated condition is considered within AnnAGNPS. 

 

dl
dhKq slat −= >< 2

 
where: qlat = subsurface lateral flow (mm per time step); 
             Ks = saturated hydraulic conductivity for each soil layer (mm per time step); and  
             dh/dl = Hydraulic gradient (unitless). 

Tile subsurface drainage as a result of the flow entering buried pipes is a very comprehensive 
study in land drainage.  The flow can be described as steady state or unsteady state flow.  The 
steady state flow is based on the assumption that a steady constant flow occurs through the soil 
to the drains.  Discharge equals recharge and the head is also constant.  In the non-steady state 
formula all these parameters vary with time (Smedema and Rycroft, 1983).  In most cases, tile 
subsurface drainage can be estimated based on steady state conditions.  Hooghoudt’s equation 
was chosen for inclusion in AnnAGNPS because of its wide applicability and relatively simple 
structure (Smedema and Rycroft, 1983).      
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Figure 1. Schematic for Houghoudt tile flow 
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The water table above parallel drains is often approximated using an elliptical shape, as shown in 
Figure 1.  Streamlines between two parallel pipe drains typically show a pattern as in Figure 1; 
horizontal flow towards the drains, and towards the end of its path the flow converges radically 
onto the drain.  The extent of two flow zones differs from case to case depending especially upon 
the relative magnitude of distance between drains (L), midpoint water table height above the 
drain (m) and equivalent depth of the impermeable layer below the drain (d).  When L is large in 
comparison of both m and d, the flow is predominantly horizontal.  An extensive radial flow 
sector is to be expected when d is large (van Schilfgaarde, 1974).              

Hooghoudt used the result of both radial and horizontal flow to model the practical case of flow 
in drains.  Hooghoudt’s equation was originally developed for application in the Netherlands, 
where steady state rainfall is a reasonable assumption, and thus, is for steady state flow 
conditions.   

 

 

2
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L

mKmdKq ses
drain
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Where: qdrain = drainage flux (mm per time period),  
             Ks = saturated lateral hydraulic conductivity (mm per time period),  
             L =  distance between drains (m),  
             m = midpoint water table height above the drain (m),  
             de = equivalent depth of the impermeable layer below the drain (m).   

The effective depth, de is computed using equation 4 when the actual depth, d, to the 
impermeable layer is such that 0 < d/L < 0.3 (Skaggs, 1980).    
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Where: d = actual depth of the impermeable layer below the drain (m);   
             r = radius of the drain tube (m); and  
             α = a constant defined by equation 5: 
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For d/L > 0.3, de can be computing using equation 6 (Skaggs, 1980).    
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Subsurface Flow Simulation Procedures 
1. Calculate depth of saturation from the bottom of root zone h 

    For the second soil layer: 

 

Z
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Soil moisture (SMt+1) was Compared with field capacity (FC), if it did not exceeds the field 
capacity, SMt+1 was calculated the for next time step. 

Otherwise, the extra amount water ΔS is: 

   

FCtSMS −+=Δ 1 >< 8

                                 
and                             
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PO is the porosity of soil layer, and Z is the depth of soil layer. 
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2. Compare h with the position of drainage pipe hpipe 
When water table h is determined to be above the depth of drainage system, tile subsurface 
drainage is calculated based on the following conditions provided by the user.   

a).  If pipe space, pipe depth, depth to imperious layer and pipe diameter are supplied by a user, 
equations 3, 4, 5 and 6 are used in calculating drainage flow. 

b). If pipe space, pipe depth, depth to imperious layer are supplied, equation 3 is used and the 
effective depth is assumed to be the same as depth to imperious layer. 

c). If none of the parameters are supplied by a user and if the user can supply the drainage rate 
(mm/hr), user supplied drainage rate is used. 

d). If none of the parameters are supplied by a user, based on common design feature, 12.7 
mm/day of drainage is assumed.  For example, a 0.53 mm/hr or 1.6 mm for each three hours 
would be used for a simulation with eight time step during a day. 

When the water table does not rise above the depth of the drainage system, subsurface lateral 
flow is calculated using Darcy’s equation.  The hydraulic gradient can be approximated by the 
local surface topographic slope, which was used by the TOPMODEL (Beven et al., 1995).  Ks 
can be estimated using the same method as percolation (Bingner and Theurer, 2001), and the soil 
profile is assumed as isotropic.   

3. Calculate soil moisture for the next time step based on the following equation and 
then repeats steps 1, 2, and 3 if there is any subsurface lateral flow or tile subsurface 
drainage.   

 

Z
qqETPERCWISMSM lattilettt

tt
−−−−

+=+1 >< 10

 

Total subsurface Lateral flow and Tile subsurface Drainage to the Reach 
Amount of subsurface lateral flow and tile subsurface drainage taken out from each cell was 
added to the reach the same time as runoff (no subsurface lateral flow and tile subsurface 
drainage between cells) and both of them are considered as the quick return flow to the reach.   

       1.  Total subsurface lateral flow to the reach 

 

 

1000
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1000
* reach

across
LhA = >< 12

 
 
Where:   Qlat = total volume of lateral flow out of cell each time step (m3); and  
               Aacross = lateral flow across area (m2 ) 
               h = saturated depth from the imperious layer (mm) 
               Lreach = reach length (m)  

       2.   Total tile subsurface drainage to the Reach 

 

1000
* celldrain

drain
Aq

Q = >< 13

 

Where: Qdrain = total volume of tile drainage flow out of cell each time step (m3 ); and  
             Acell = cell area (m2) 

Module Test and Sensitivity Analysis 
The data set created for Deep Hollow watershed for AnnAGNPS runoff and sediment evaluation 
(Yuan et al., 2001) was used to see the impacts of adding subsurface lateral flow and tile 
subsurface drainage on total runoff.  The calculated total runoffs at the outlet before adding 
subsurface lateral flow and tile subsurface drainage and after adding subsurface lateral flow and 
tile subsurface drainage are listed in table 1.  During those simulations, depth to imperious layer 
was set at the same as original depth of soil layer which was 1524 mm (60 inches).  The 
parameters for tile drain were: drain spacing 18.3 m (60 feet) and pipe depth 914 mm (3 feet).  
The Deep Hollow watershed data set was additionally modified to test impact of depth to 
imperious layer on total runoff.  The comparison of total runoff for depth to imperious layer 
1524 mm (60 inches), 1219 (48 inches) and 914 (36 inches) was plotted in Figure 1.  Other 
simulations were done to see the impact of with tile subsurface drainage on total runoff.  The 
depth to imperious layer was set to 914 (36 inches), which is the same as pipe depth for these 
simulations.  Very intensive rainfall was created for year 2000 to see the impact of tile 
subsurface drainage on total runoff in intensive rainfall condition.  Simulation results were listed 
on table 2.   

IMPACT OF ADDING SUBSURFACE LATERAL FLOW AND TILE 
SUBSURFACE DRAINAGE ON TOTAL RUNOFF  

From table 1, adding subsurface lateral flow increases total runoff.  Additional adding tile 
subsurface drainage does not increase runoff because the saturated water zone never rises above 
pipe depth.  The total runoff generated at the outlet is affected by the depth to imperious layer.  
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Generally, the shallower the depth to the imperious layer, the more runoff is generated at the 
outlet (Figure 1).   

The tile subsurface drainage will not have any impact on total runoff until the saturated water 
zone rises above the depth of the pipe.  The impact of tile subsurface drainage on total runoff 
depends on the total rainfall amount.  As listed in table 2, in the year of 1996, adding tile 
subsurface drainage reduced total runoff, because adding tile subsurface drainage decreases the 
soil moisture, which reduces surface runoff.  There is very little difference on runoff in the year 
of 1997 and no difference in the year of 1998 or 1999.  However, in the year of 2000 when 
tremendous rainfall was created artificially; the total runoff increases because there was too 
much moisture to be removed by the tile subsurface drainage system.  Adding tile subsurface 
drainage would not reduce surface runoff in this case because of the limited drainage capacity of 
tile system.       

SUMMARY 
Subsurface lateral flow and tile subsurface drainage simulation was added to AnnAGNPS V2.2 
and higher.  Subsurface lateral flow was determined using Darcy’s equation.  The model 
incorporates several options to determine the tile subsurface drainage based on the user’s 
availability of information on subsurface drainage systems.  The subsurface lateral flow and tile 
subsurface drainage was assumed to only occur when soil becomes saturated.  The impact of 
subsurface lateral flow and tile subsurface drainage on total runoff depends on the rainfall 
amount, soil properties and the drainage systems.  Comparison of tile subsurface drainage with 
field monitoring data is ongoing to test the accuracy of the simulation. 
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Table 1.  Rainfall and simulated runoff for three conditions: 1=no lateral flow and tile flow, 
2=lateral flow, 3=both lateral flow and tile flow. 

 

Runoff (mm) Year Rainfall 
(mm) 1 2 3 

1996 948.5 303.9 326.2 326.2 
1997 1177.2 462.6 475.6 475.6 
1998 1148.1 448.2 460.0 460.0 
1999 838.4 402.4 416.4 416.4 

Table 2.  Rainfall and simulated runoff for conditions, 1=only lateral flow, 2=both lateral flow 
and tile flow. 

 

Runoff (mm) (depth to imperious layer = 36 
inches) 

Year Rainfall 
(mm) 

Lateral Both Lateral and Tile 
1996 948.5 393.7 379.4 
1997 1177.2 513.3 513.2 
1998 1148.1 498.7 498.7 
1999 838.4 448.9 448.9 
2000 3019.2 1867.2 1872.6 
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Figure 1.  Impact of imperious layer on total runoff 
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KANKAKEE RIVER STATE LINE PROJECT, ANALYSIS OF SEDIMENT 
REMOVAL ALTERNATIVES 

 
By Michael A. Hrzic, Hydraulic Engineer, USACE-Rock Island Dist., Rock Island, IL 
 

INTRODUCTION 
 
The Kankakee River extends 150 miles from South Bend, IN, to Wilmington, IL, Figure 1, 
at it’s confluence with the Illinois River it has a drainage area 5,165 square miles, the slope 
of the river from Shelby, IN, to the basin divide is 0.90 ft/mi, (USGS 1987).  The river has 
been disconnected from much of the original pre-settlement wetlands through Indiana due 
to the construction of levees.  From the Indiana-Illinois state line to Momence, referred to 
as the Momence Wetlands Reach, USGS River Mile 57.2 to 47.9, the river is reconnected 
to backwater, side channels and wetlands.  
 
During the past 100 years human impact within the Kankakee River watershed has caused 
hydrologic and hydraulic changes affecting sedimentary conditions on the Kankakee River.  
Some impacts that have affected the Kankakee River Watershed are: conversion of pre-
settlement wetland and prairie habitat to agriculture and urban areas, channel alterations to 
the Kankakee River and tributaries particularly main channel channelization from South 
Bend to the Indiana-Illinois state line, construction of a levee system along the main stem 
of the river, and removal of a bed rock ledges along the Kankakee River.  The cumulative 
affect of these impacts reduced the backwater and wetland areas connected to the river, 
destabilized tributaries and initiated an aggrading sedimentation regime along the main 
channel of the Kankakee River within the Momence Wetlands Reach.  
 
Research conducted by the United States Geological Survey (USGS) and the Illinois State 
Waters Survey (ISWS) indicate that the main channel of the Kankakee River from the 
Indiana – Illinois state line to Momence, IL, has been aggrading with sediment (USGS 
1994, ISWS 1980).  The material deposited within the Momence Wetland Reach has been 
attributed to bed material (fine and medium sand) generated from excessive loads from 
upland sources (surface erosion, tributary instability) and main channel bank instability 
along the Indiana portion of the Kankakee River (ISWS 2001). It has been speculated that 
the deposition along the river has adversely affected the aquatic habitat and disrupted the 
public use of the river.   
 
The ISWS reported that at Momence the annual suspended load could be as high as 90% of 
the total annual load and as low as 55% of total annual load.  They also estimated the 
annual total bed load at the state line for the 1979 water year to be between 2,200 tons and 
18,000 tons, 2 to 14 % of the total annual load (ISWS 1980).  The ISWS performed 
periodic transect measurements from 1980 to 1999 (1980, 1994, 1999) along the main 
channel of the Momence Wetlands Reach and estimated that from 1980 to 1994, 50,000 
yd3 of sediment deposited in the main channel (3,600 yd3 per year) and from 1994 to 1999, 
77,000 yd3 of sediment deposited in the main channel (15,400 yd3 per year) (ISWS 2001). 
The 19-year average annual aggradation rate was 6,700 yd3.   
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The US Army Corps of Engineers –Rock Island District, USACE-MVR, evaluated the 
feasibility of sediment removal at the Indiana-Illinois State Line, to reduce aggradation in 
the main channel of the Kankakee River.  USACE-MVR evaluated continuous and periodic 
sediment removal alternatives using a one-dimensional sediment model, HEC-6.  The study 
is limited to 20 miles of the Kankakee River extending from Shelby to Momence, Figure 1. 
 
 
 
 
 
 
 
 
 
 

See Figure 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

SEDIMENTATION MODEL, EXISTING CONDITIONS AND AFFECT OF 
SEDIMENT REMOVAL 

Figure 1.  Drainage basin of the Kankakee River. (ISWS 2001) 

 
Bed Load Sedimentation Model:  Simulating bed load transport along the main channel 
of the Kankakee River was the primary objective for the development of the sedimentation 
model.  It was assumed that the primary cause of aggradation occurring within the main 
channel of the Kankakee River was the material transported in the bed load.  It was decided 
that a one-dimensional sediment transport model would be appropriate for this project.  The 
main channel and overbank areas were incorporated in the model.  The model extended 
from Shelby to Momence.  The model extent was based on availability of flow and stage 
information and sediment information at USGS gage station located at these locations.  
Extending the boundaries of the model ten miles upstream and downstream of the state line 
offered adequate space to reduce the influence of boundary conditions at the sediment 
removal location.   A continuous sedimentation model with the ability to calculate 
hydraulic parameters, bed load transport quantities and alter the channel geometry such that 
sedimentation trends can be simulated was a requirement of the sediment transport model.    
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Based on the modeling requirements the Scour and Deposition in Rivers and Reservoirs, 
HEC-6, program was selected as a suitable model to accomplish our objectives.  “HEC-6 is 
a one-dimensional movable boundary open channel flow numerical model designed to 
simulate and predict changes in river profiles resulting from scour and or deposition”  
(USACE 1993).  HEC-6 can simulate continuous flow records by performing a series of 
steady hydraulic computations for every time step, thus performing a quasi-unsteady open 
channel flow simulation.  For each time step HEC-6 calculates the sediment transport at 
each cross section and adjusts the channel elevation depending on the duration of flow, 
sediment transport capacity and sediment input into the cross section reach.  The ability to 
simulate these processes enables HEC-6 to model scouring and deposition.   
 
Results of the Kankakee River HEC-6 model were used to model existing and with project 
sedimentation trends, simulating the affect continuous and periodic sediment removal had 
on sedimentation conditions within the main channel of the Kankakee River in the 
Momence Wetland Reach.  This model was developed to analyze the volumetric 
sedimentation trends in the main channel from Shelby to Momence.  The model was not 
calibrated to simulate bed level variation with respect to time.  Qualitative comparisons of 
bed elevations can be made to evaluate cross sectional variation with respect to time, space 
and affect of sediment removal.  Also, sedimentation trends in backwater areas, side 
channel, wetlands or along the overbank were not simulated.    
 
HEC-6 Sedimentation Model Development : The downstream hydraulic boundary was 
set to the stage discharge relationship at the Momence USGS gage station.  The upstream 
boundary was set as an inflow boundary using daily flow records from the USGS Shelby 
gage.  The tributary flow contribution to the Kankakee River was incorporated into the 
model as local flow sources.  Flow contribution was based on assuming flow varied 
linearly with respect to contributing drainage area and average daily flow difference at 
Shelby and Momence such that the flow at the state line was 

( ) ( ) ( ) ( )[ ]
t

i
smsi DA

DAtQtQtQtQ −+=    Equation 1. 

DAi = Contributing drainage area. 
DAt = Total contributing drainage area.  
Qi(t)= Flow contribution at time t associated with drainage area DAi . 
Qm(t) = Flow at Momence station for time t.  
Qs(t) = Flow at Shelby station for time t.   
 
The mean diameter for the bed load and the bed material gradation were 0.3 mm, it was 
assumed that the bed load gradation remained constant for all inflow boundaries and the 
bed material gradation was constant at all cross sections.  The annual suspended load was 
used to predict the bed load inflow.  It was assumed that the bed load contributed 20% of 
the total load at the Shelby gage station, and 30 % of the total load for all tributaries 
flowing into the Kankakee River.  Suspended sediment yield at Shelby, Momence and for 
five tributaries between Shelby and Momence, from January 1993 to December 1995, were 
estimated based on USGS published results (USGS 1997).  The drainage area, sediment 
load and sediment yield are shown in Tables 1 and 2.   
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Table 1.  Total suspended load from January 1993 to December 1995.    

 

Location D.A. (mi2) Suspended 
Load (tons) 

Suspended Yield 
(tons/mi2) 

Shelby  1,578 352,000 223 
Momence 2,093 489,000 234 

Tributary Contribution 
(Shelby to Momence) 515 137,000 266 

 
 
 Table 2.  Total bed load from January 1993 to December 1995. 
 

Location D.A. (mi2) Bed Load 
(tons) 

Bed Load Yield 
(tons/mi2) 

Shelby  1,578 88,000 56 
Momence 2,093 122,250 58 

Tributary Contribution 
(Shelby to Momence) 515 58,714 114 

 
 
Bed load rating tables for each of the sediment inflow boundaries were estimated by 
assuming that the bed load transported was dependent upon the daily discharge such that 
the daily bed load, tons/day, was 
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Gb(t)i = Daily bed load transport, tons/day. 
Syi = Bed load yield for inflow boundary i, tons/mi2, for period of time January 1993 to 
December 1995. 
Q(t)i = Daily average discharge for inflow boundary i, c.f.s. 
QTi  = Total flow for inflow boundary i, cubic feet, from January 1993 to December 1995. 
DAi = Drainage area for inflow boundary i, mi2.   
 
It was assumed that a stream power based bed load equation for sand channels would best 
approximate bed load transport through the Kankakee River.  Laursen’s (Copeland 
modified) relationship was used to calculate bed load transport (Copeland 1989).   
 
The HEC-6 model only simulates main channel bed load transport.  Sedimentation effects 
occurring in backwater, side channels or the overbank are not taken into account nor was 
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Equation 3. 



the possible sources of bank line erosion.  The longitudinal spacing between cross sections 
was on average 1,100 ft.  The main channel roughness value varies from 0.028 to 0.039, 
overbank roughness varies from 0.09 to 0.15.  The model was calibrated to simulate 
volumetric sedimentation rates for four reaches of the Kankakee River, Reach 2a, 2b, 3a, 
and 3b, reach locations used in calibration and analysis are shown in Figure 2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Shelby, IN 
USGS River Mile 67.9 
Model Station 68.37 
NOT SHOWN 
 
 
 
Indiana-Illinois 
State Line 
USGS River Mile 57.2 
Model Station 58.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Singleton Ditch 
Confluence 
USGS River Mile 50.8 
Model Station 50.8 
 
 
 
 
Momence, IL 
USGS River Mile 47.9 
Model Station 47.57 

Figure 2.  Ortho photo of Momence Wetland Reach showing USGS river mile locations, 
HEC-6 model station locations and HEC-6 model reach locations.   
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Cross section bed elevation variation is not accurate and if conclusions are made based on 
HEC-6 model results the limitations of the model need to be taken into account.  The model 
does estimate volumetric sedimentation rates and the information can be used to simulate 
existing conditions and the sediment removal affect on sedimentation rates within the main 
channel of the Kankakee River.   
 
The HEC-6 model simulates from 10/01/1993 for 40 years into the future.   To extend the 
model the flow hydrograph from 10/01/1979 to 9/29/1999 was cycled twice to represent the 
future hydrograph.  This period of record consisted of both high and low annual flow 
conditions sufficient enough to represent seasonal flow variation in the future.   
 
The model was developed to simulate long term trends, it was assumed that longer 
computation time interval would be acceptable, a 10-day interval for the model simulation 
was selected.  The complete model extending from Momence, station 47.45 to Shelby, 
station 68.73, was referred to as Simulation S0a. 
 
HEC-6 Sedimentation Model Calibration: The HEC-6 model was calibrated to ISWS 
deposition estimates for River Mile 50.77 to 57.2 during the 1993 to 1998 water year 
period.  The hydraulics component of the model was calibrated to observed water surface 
elevations at the state line, River Mile 57.2, and Shelby, River Mile 67.9.  Overbank and 
main channel Manning’s roughness coefficients and ineffective flow areas were all 
modified such that values were reasonable and the results were similar to observed data.  
Table 3 shows ISWS observed and HEC-6 model volumetric sedimentation rates for the 
Momence Wetland Reach of the Kankakee River.  
 

Table 3. HEC-6 calibration results for sedimentation volumes along the Momence 
Wetland Reach.   Negative represents scouring, positive represents deposition.  

 
 
 

Reach 
 

ISWS Observed 
Sedimentation Volume

(yd3) 

HEC-6 Sedimentation 
Volume 

(yd3) 
% Difference 

 
2a (58.195-56.31) 30,492 27,269 11% 
2b (56.31-55.41) 11,422 13,500 18% 
3a(55.41-52.19) 28,798 27,785 4% 
3b(52.19-50.77) 11,406 10,780 5% 
4(50.77-47.45) - -55,072 - 

 
The most significant deposition occurred within Reaches 2a and 3a, refer to Tables 3.  
Reach 2a is located directly downstream of the state line.  Due to an increased transport 
capacity in Indiana more sediment is entering reach 2a then the reach can carry.  Reach 3a 
is located downstream of Williams Ditch.  Both cases are areas where aggradation could be 
expected.   
 
HEC-6 Sedimentation Model, Summary of Results: Six HEC-6 model scenarios were 
developed to simulate existing and with sediment removal conditions along the main 
channel of the Kankakee River from Shelby to Momence.  Model run S0a represents the 
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existing conditions for the entire modeled reach, Station 68.73 to 47.45, with no sediment 
removal. Station 68.73 corresponds to USGS River Mile 67.9, Station 58.2 corresponds to 
USGS River Mile 57.2, and Station 47.45 corresponds to USGS River Mile 47.9.   
 
Sediment removal alternatives were initiated during the simulation on 10/04/2002.  The 
analysis of the sediment removal alternatives was limited to comparing volumetric 
sedimentation rates from 10/01/1993 to 10/29/2041 for each alternative. Table 4 lists the 
simulations performed. 
 
 

Simulation Description  
S0a No action complete sediment model.  
S1 Continuous sediment removal. Maximum removal rate =20 tons/day. 
S2 Continuous sediment removal. Maximum removal rate =120 tons/day. 

S3 
Periodic sediment removal. Once every five years.  Maximum sediment 
removal depth  = 3 ft. 

S4 
Periodic sediment removal. Once every five years. Maximum sediment 
removal depth = 6 ft, 

S5 
Periodic sediment removal. Once every year.  Maximum sediment removal 
depth = 3 ft, 

 
Based on Simulation S0a results, 1,625,000 yd3 of bed load material flowed into the 
Kankakee River model from 1993 to 2040.  62% of bed load material came from sources 
upstream of Shelby the remainder came from tributary inflow. The No Action Alternative, 
S0a, estimated 20% of the bed load material flowing into the Kankakee River from Shelby 
to the state line, was deposited, the Momence Wetland Reach trapped 26% of the bed load 
material.  The bed material outflow at Momence was 1,030,000 yd3.  On average 9,000 yd3 
of sand deposit annually between the state line, Station 58.195, and the confluence of the 
Kankakee River and Trimm Creek, Station 50.77.   Results are shown on Table 5. 
 
 
 
 

Reach Sediment Volume 
(yd3)  

Average Annual 
Sedimentation Rate 

(yd3/yr) 
1 (68.37-58.195) 227,709 4,845 
2 (58.195-55.41) 244,181 5,195 
3 (55.41-50.92) 166,345 3,539 
4(50.77-47.45) -46,568 -991 

      
2a (58.195-56.31) 172,169 3,663 
2b (56.31-55.41) 72,012 1,532 
3a(55.41-52.19) 175,551 3,735 
3b(52.19-50.77) -9,206 -196 
4(50.77-47.45) -46,568 -991 

Table 5.  HEC-6 model results for Simulation S0a.  Volume of material 
deposited or scoured along predefined reaches of the Kankakee River, 
from 1993 to 2040.

Table 4. Simulation description.
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Thalwag elevation results showed that a majority of the sections had a continual elevation 
increase from 1993 to 2041 from the state line to Station 50.77, Figure 2.    The most 
significant aggradation occurs from the state line, Station 58.195, to Station 55.41.   
 
 Figure 2. HEC-6 Results, Simulation S0a longitudinal thalwag variation.  
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An average sedimentation depth from 1993 to 2040 water year can be estimated by 
dividing the volumetric sedimentation rate by the average movable bed width and the reach 
length, Table 6.  The greatest deposition occurs from Station 56.31 to 55.41.  Station 52.19 
to 47.45 showed scouring.  
 
 

Table 6.  HEC-6 results, average reach sedimentation depth for Simulation S0a. 
 

Reach Reach Length 
(ft) 

Average 
Movable Bed 

Width (ft) 

Sedimentation 
Depth (ft) 

1 (68.37-58.195) 53,587 205 0.2 
2a (58.195-56.31) 14,782 313 0.3 
2b (56.31-55.41) 7,485 238 0.4 
3a(55.41-52.19) 22,051 270 0.3 
3b(52.19-50.77) 4,022 267 -0.1 
4(50.77-47.45) 8,465 257 -0.2 

 
The increased aggradation occurring from Station 58.19 to 52.19 corresponds to a highly 
sinuous stretch of the Kankakee River, well connected to backwater areas, side channels, 
and overbank areas. During both low flow and high flow conditions, flow is diverted from 
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the main channel. This stretch of the Kankakee River is directly downstream of the 
Indiana-Illinois state line.   
 
The sediment removal amounts for each simulation are shown in Table 7.  The annual 
average sediment removal amount was based on a 38 year removal period.  Simulation S2 
and S5 required the largest amount of sediment removal.  The sediment removal occurred 
near the state line.  
 
 Table 7.  HEC-6 results, continuous and periodic sediment removal amounts. 
 

Simulation Simulation Description Sediment Removed 
(yd3) 

Annual Average 
Sediment Removal 

(yd3) 

S1 Continuous (Maximum 
Capacity = 20 tons/day) 145,352 3,825 

S2 Continuous (Maximum 
Capacity = 120 tons/day) 376,931 9,919 

S3 Periodic (every 5 years) 126,494 3,329 
S4 Periodic (every 5 years) 333,640 8,780 
S5 Periodic (every  year) 380,454 10,012 

 
Analysis of the sediment removal affect focused on comparing volumetric sedimentation 
rates and sedimentation depths.  A qualitative comparison of the thalwag for selected 
stations were made to assess the area impacted by the sediment removal scenarios.  
 
The affect sediment removal has on aggradation can be shown by comparing the volume of 
sediment deposited for the sediment removal scenarios and the existing, no action, 
condition.  Tables 8 and 9 summarize the HEC-6 result. 
 
 Table 8. HEC-6 results, volumetric sedimentation trends for each simulation for the Momence 

Wetland Reach from 10/01/1993 to 9/29/2041. Positive sedimentation rate signifies 
accumulation of material, negative sedimentation rate signifies represents scouring. 

 
 
 
 

 S0a S1 S2 S3 S4 S5 

Reach  
Sediment 
Volume 

(yd3) 

Sediment 
Volume 

(yd3) 

Sediment 
Volume 

(yd3) 

Sediment 
Volume 

(yd3) 

Sediment 
Volume 

(yd3) 

Sediment 
Volume 

(yd3) 
2a (58.195-56.31) 172,169 58,634 10,862 97,448 33,727 -12,946 
2b (56.31-55.41) 72,012 53,915 2,807 56,064 32,221 16,992 
3a(55.41-52.19) 175,551 134,498 41,744 157,468 134,752 117,467 
3b(52.19-50.77) -9,206 -11,206 -17,488 -9,590 -9,874 -10,363 
4(50.77-47.45) -46,568 -40,172 -41,786 -46,629 -46,557 -46,400 

Total  363,958 195,669 -3,861 254,761 144,269 64,750 
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Table 9.  Percent reduction of sedimentation for sediment removal simulations from 
10/01/1993 to 9/29/2041.  

 
 
 
 

 S1 S2 S3 S4 S5 

Reach  
Difference 

(%)  
Difference 

(%) 
Difference 

(%) 
Difference 

(%) 
Difference 

(%) 
2a (58.195-56.31) 66% 94% 43% 80% 108% 
2b (56.31-55.41) 25% 96% 22% 55% 76% 
3a(55.41-52.19) 23% 76% 10% 23% 33% 
3b(52.19-50.77) 22% 90% 4% 7% 13% 
4(50.77-47.45) -14% -10% 0% 0% 0% 

Total  46% 101% 30% 60% 82% 
 
 
Simulations S2 and S5 had the largest percent reduction, significant sedimentation 
reduction occurred along Reaches 2a and 2b for most of the simulations. It was assumed 
that a percent reduction greater than 50% was significant, Tables 8 and 9.   The 
sedimentation depth was calculated for each simulation, Table 10.  The greatest reduction 
in depth occurred for Simulation S2 and S5.  For all the simulations the reach 
sedimentation depths from Station 58.195 to 52.19 were less than the no action scenario, 
Simulation S0a, sedimentation depths, Table 6.   
 
 

Table 10.  Average reach sedimentation depths for sediment removal simulations. 
Refer to Table 6 for the sedimentation depths corresponding to Simulation S0a, the 
no action scenario. 

 
 
 
 

 S1 S2 S3 S4 S5 

Reach Sedimentation 
Detph (ft) 

Sedimentation 
Detph (ft) 

Sedimentation 
Detph (ft) 

Sedimentation 
Detph (ft) 

Sedimentation 
Detph (ft) 

2a (58.195-56.31) 0.1 0.0 0.2 0.1 0.0 
2b (56.31-55.41) 0.3 0.0 0.3 0.2 0.1 
3a(55.41-52.19) 0.2 0.1 0.2 0.2 0.2 
3b(52.19-50.77) -0.1 -0.1 -0.1 -0.1 -0.1 
4(50.77-47.45) -0.2 -0.2 -0.2 -0.2 -0.2 
 
 
The sedimentation reduction and sedimentation depth results were compared to thalwag 
elevation variation plots to estimate the length of the main channel that was affected by the 
sediment removal simulations.  The result show that the longest reach of river affected by 
sediment removal coincides with Simulations S2 and S5.  S1 had minimal affect with an 
impact length of about 2 miles, Table 11.   
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Table 11. Impact distance due to sediment removal at the state line.   

 

Simulation Simulation Description Impact Distance 
(miles) 

S1 Continuous (Maximum 
Capacity = 20 tons/day) 2 

S2 Continuous (Maximum 
Capacity = 120 tons/day) 4 

S3 Periodic (every 5 years) 3 
S4 Periodic (every 5 years) 3.5 
S5 Periodic (every year) 4 

 
Results show that the sediment removal at the state line would initiate scouring 
downstream of the sediment removal location and the impact would be less noticeable as 
the longitudinal distance from the state line increased.  The distance of affected channel 
depends on the amount of material removed and the period of time that sediment is being 
removed. 
 
The affect of removing sediment at the state line does not affect the bed load passing the 
Momence.  Based on the HEC-6 results the volume of bed load passing Momence remains 
relatively the same for all of the simulations (Table 12).  It was assumed that a percent 
difference less than 10% was not significant.  Based on these results it can be assumed that 
there would be no affect from removing sediment downstream of Momence.   
 
 
 Table 12.  HEC-6 results, volume of sediment passing Momence from 1993 to 2041 and the 

 percent difference between existing condition and sediment removal simulations.   

 

Simulation  Simulation Description 
Volume of 
Sediment 

(yd^3)  

Difference from 
Existing 

Condition (%) 
S0a No Action 1,033,190 - 
S1 Continuous (20 tons/day) 1,037,028 0% 
S2 Continuous (120 tons/day 1,005,272 3% 
S3 Periodic (every 5 years) 1,027,873 1% 
S4 Periodic (every 5 years) 1,018,272 1% 
S5 Periodic (every year) 1,023,043 1% 

 
 

CONCLUSION 
 
The Kankakee River from Shelby to Momence is aggrading.  It has been assumed the 
active aggradation fills in deep water habitat, covers fish habitat and degrades the overall 
quality of the river.   From the Illinois-Indiana State Line to Momence the ISWS estimated 
that 127,000 yd3 of material have deposited within the main channel from 1980 to 1999.  
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The deposited material consists primarily of medium sand.  The areas with the highest 
deposition rates are located at channel transition points, the state line, and downstream of 
tributary confluences. The material that has deposited in these areas are attributed to the 
rivers lack of transport capacity to move the bed load material. To address sediment 
concerns a sedimentation model was developed to simulate the Kankakee River main 
channel bed load transport capacity from Shelby to Momence.   
 
The sediment model simulated existing conditions and the affect sediment removal had on 
sedimentation trends from the state line to Momence.   Existing condition simulation 
showed that deposition would continue to be a problem throughout the Momence Wetland 
Reach.   The accumulation of sediment in the channel may affect flood levels, decrease 
water depth and force more flow into side channels.  To reduce the aggradation rates along 
the Momence Wetland Reach two types of sediment removal alternatives were analyzed, 
continuous and periodic.   
 
Results showed that both methods had similar effects on reducing aggradation.  The 
existing annual sedimentation rate along the Momence Wetland Reach was 9,000 yd3, it 
was determined that to stop the cumulative rate of aggradation occurring along the main 
channel of the Momence Wetlands Reach about 10,000 yd3 of material needed to be 
removed per year.    
 
Sediment removal along the main channel provides only limited benefit near the removal 
location.  Aggradations trends were affected for an area 2 to 4 miles downstream of the 
state line.  In addition, the amount of sediment that passed Momence did not change.  To 
affect sedimentation trends it requires a large amount of sediment to be removed, an 
average of 10,000 yd3 of bed material per year, and the affect is limited to a short reach of 
the main channel of the Kankakee River.  It appears that the most effective method to 
reduce aggradation along the Momence Wetland Reach of the Kankakee River is to 
implement multiple sediment removal alternatives at the confluence of major tributaries 
and at hydraulic transition points on the main channel, such as the state line.  Additionally, 
it is apparent that more systemic remediation plans need to be investigated because of the 
relatively limited impact main channel sediment removal has on reducing deposition for 
long reaches of river.   
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THE HYDRUS SOFTWARE PACKAGES FOR SIMULATING WATER, HEAT AND 
SOLUTE MOVEMENT IN THE SUBSURFACE: FEATURES, RECENT 

APPLICATIONS AND FUTURE PLANS 
 

J. Šimůnek and M. Th. van Genuchten 
George E. Brown, Jr. Salinity Laboratory, USDA, ARS, Riverside, California 

 
Abstract: HYDRUS-1D and HYDRUS-2D are Windows-based (MS Windows 95, 98, 2000, XP, 
and/or NT environments) computer software packages for simulating water, heat and/or solute 
movement in one- and two-dimensional variably-saturated media. This paper gives a brief summary 
of various features of the software, recent applications, and future plans.  
 

INTRODUCTION 
Water flow and associated chemical transport processes in soils and the deeper parts of the 
vadose zone control water quantity and quality of groundwater and surface streams. A better 
understanding of subsurface flow and transport principles is needed to address existing or 
potential threats to the sustainability of the world’s water resources. Specifically, many water 
pollution problems originate from activities involving the vadose zone, defined as the region 
between the soil surface and the permanent groundwater table. Consequently, optimal 
management of the vadose zone provides many opportunities to limit or prevent groundwater 
and surface water pollution.  
 
Numerical modeling is becoming an increasingly important tool to assist in the management, 
analysis, and solution of complex vadose zone contamination problems. A large number of 
models of various complexities and ease of use exist for solving flow and transport problems in 
the vadose zone. In this paper we summarize the HYDRUS-1D and HYDRUS-2D software 
packages for simulating water, heat and solute movement in the subsurface, give a brief overview 
of various features, list recent applications, and describe our plans for future modifications. 
 

FORWARD PROBLEM 
 
Variably-Saturated Water Flow: The governing equation for two-dimensional Darcian water 
flow in a variably-saturated rigid isotropic porous medium is given by the following modified 
form of the Richards equation: 
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where xi (i=1,2; with x2=z being the vertical coordinate positive upwards) are the spatial coordinates, 
t is time, S is a sink term, Kij

A are components of a dimensionless anisotropy tensor KA, and K is the 
unsaturated hydraulic conductivity function given as the product of the relative hydraulic 
conductivity, Kr, and the saturated hydraulic conductivity, Ks.  
 
Equation (1) can be solved numerically for a given set of initial and boundary equations. The 
HYDRUS-1D and -2D codes implement three different types of boundary conditions: specified 
pressure head (Dirichlet type) conditions of the form 
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and specified gradient conditions (e.g., free drainage associated with a unit hydraulic gradient) as 
follows 
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where ψ, σ, and ζ are the prescribed Dirichlet, Neumann, and gradient type boundary conditions, 
respectively, as functions of x and t, x is the spatial coordinate of a boundary, and ni are the 
components of the outward unit vector normal to boundary. 
 
The above boundary conditions can be implemented in HYDRUS-1D and -2D in several ways: as 
(a) constant boundary conditions (either flux or head), (b) variable boundary conditions (again either 
flux or head), (c) seepage faces, (d) atmospheric boundaries, and (e) free or deep drainage 
boundaries.  Boundary classes (a) and (b) represent system-independent boundary conditions, while 
(c), (d), and (e) are system dependent in that they depend on the prevailing transient soil moisture or 
flux conditions. 
 
While different functions for the unsaturated soil-hydraulic properties may be used, the expressions 
adopted in HYDRUS codes are, among others, those of van Genuchten [1980]: 
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where θe is the effective water content, θr and θs denote the residual and saturated water contents, 
respectively, and α, n, m (= 1 - 1/n), and l are empirical parameters. The hydraulic characteristics 
defined by (5) through (8) contain 6 unknown parameters: θr , θs , α, n, l, and Ks. Of these, θr, θs, and 
Ks have a clear physical meaning, whereas α, n and l are essentially empirical parameters 
determining the shape of the retention and hydraulic conductivity functions [van Genuchten, 1980]. 
 
For the hysteretic case the HYDRUS codes use the formulation of Kool and Parker [1987] who 
coupled the van Genuchten-Mualem model with a simplified scaling approach proposed by Scott et 
al. [1983] to describe the scanning curves. Scott et al. [1983] assumed that the shape parameters α 
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and n for all drying scanning curves are the same as those for the main drying curve and, similarly, 
the shape parameters for all wetting scanning curves are the same as those for the main wetting 
curve. Scanning curves are then calculated by varying the residual and saturated water contents for 
the wetting and drying scanning curves, respectively. Kool and Parker [1987] further assumed that 
the shape parameter n is the same for both wetting and drying, thus decreasing the number of 
required parameters. Using the additional restrictions that θr and θs are the same for both drying and 
wetting, the only additional parameter describing hysteresis is a third shape parameter αd for the 
drying retention curve (αw is used here for wetting). 
 
Equation (1) subject to initial and boundary conditions (2), (3) and (4) is solved numerically in 
HYDRUS by means of the Galerkin finite element method. The solution scheme is based on the 
mass-conservative numerical iterative scheme first used by Celia et al. [1990]. A simple 
modification of this numerical scheme also permitts similar mass-conservative solutions of quasi 
three-dimensional axisymmetrical flow problems [Šimůnek et al., 1999]. 
 
Solute Transport: The HYDRUS codes assume that solutes can exist in all three phases (liquid, 
solid, and gaseous) and that production and decay processes can be different in each phase. It is 
further assumed that solutes are transported by convection and dispersion in the liquid phase, as well 
as by diffusion in the gas phase. The partial differential equations governing the nonequilibrium 
chemical transport of solutes involved in a sequential first-order decay chain during transient water 
flow in a variably saturated rigid porous medium given by [Šimůnek et al., 1998]: 
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where for simplicity the one-dimensional formulation is used. In (9) c, s, and g are solute 
concentrations in the liquid, solid and gas phases, respectively; qi is the volumetric flux density, μw, 
μs , and μg are first-order rate constants for solutes in the liquid, solid and gas phases, respectively; 
μwΝ, μsΝ, and μgΝ are similar first-order rate constants providing connections between individual 
chain species, γw , γs, and γg are zero-order rate constants for the liquid, solid and gas phases, 
respectively; ρ is the soil bulk density, av is the air content, S is the sink term in flow equation (1), cr 
is the concentration of the sink term, Dij

w is the dispersion tensor for the liquid phase, and Dg is the 
diffusion coefficient for the gas phase. The subscripts w, s, and g pertain to the liquid, solid and gas 
phases, respectively; subscript k represents the kth chain number, and ns is the number of solutes 
involved in the chain reaction. The nine zero- and first-order rate constants in (9) can be used in 
certain combinations to represent a variety of reactions or transformations including biodegradation, 
volatilization, and precipitation. 
 
The HYDRUS codes may be used to simulate nonequilibrium interactions between the solution (c) 
and adsorbed (s) concentrations, and equilibrium interaction between the solution (c) and gas (g) 
concentrations of the solute in the soil system. The equilibrium adsorption isotherm relating s and c 
is described by a generalized nonlinear equation of the form 
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where ks, β and η are empirical coefficients. The Freundlich, Langmuir, and linear adsorption 
equations are special cases of (10). The concentrations g and c are related by a linear expression of 
the form 

  (11) c k = g g

where kg is an empirical constant, often referred to as Henry’s constant. 
 
The concept of two-site sorption [Selim et al., 1977; van Genuchten and Wagenet, 1989] is 
implemented in the HYDRUS codes to account for possible nonequilibrium adsorption-desorption 
reactions. The two-site sorption concept assumes that the sorption sites can be divided into two 
fractions. Sorption, se, on one fraction (type-1 sites) is assumed to be instantaneous, while sorption, 
sk, on the remaining (type-2) sites is considered to be time-dependent. The mass balance equation 
for the type-2 sites in the presence of production and degradation is given by 
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where ω  is the first-order rate constant and f is the fraction of exchange sites assumed to be in 
equilibrium with the solution phase. 
 
The HYDRUS models also implement the concept of two-region, dual-porosity type solute 
transport [van Genuchten and Wierenga, 1976] to account for possible physical nonequilibrium 
transport. The two-region concept assumes that the liquid phase can be partitioned into mobile 
(flowing), θm, and immobile (stagnant), θim, regions, and that solute exchange between the two 
liquid regions can be modeled as an apparent first-order process, i.e., 
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where cim is the concentration in the immobile region and ω is the mass transfer coefficient. 
 
By selecting certain values of the parameters γw, γs, γg, μw, μs, μg, μw', μs', μg', η, ks, kg, f, θim, β 
and ω in (9) through (13), the general system of transport equations can be simplified 
significantly.  
 

INVERSE PROBLEM 
 
An attractive feature of the HYDRUS codes that has greatly facilitated their application to a variety 
of flow and transport problems is the inclusion of parameter estimation (inverse) procedures. The 
objective function Φ that is minimized for this purpose in both HYDRUS models is given by 
[Šimůnek et al., 1998]: 
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where the first term on the right-hand side represents deviations between measured and calculated 
space-time variables (e.g., observed pressure heads, water contents, and/or concentrations at 
different locations and/or time in the flow domain, or actual or cumulative fluxes versus time across 
a boundary of specified type). In this term, mq is the number of different sets of measurements, nqj is 
the number of measurements within a particular measurement set, qj

*(x,ti) represents specific 
measurements at time ti for the jth measurement set at location x, qj(x,ti,b) represents the 
corresponding model predictions for the vector of optimized parameters b (e.g., θr, θs, α, n, l, Ks, Dl, 
kg, ...), and vj and wi,j are weights associated with a particular measurement set or point, respectively. 
The second term on the right-hand side of (14) represents differences between independently 
measured and predicted soil hydraulic properties (e.g., retention, θ(h), and/or hydraulic 
conductivity, K(θ) or K(h), data), while the terms mp, npj, pj

*(θi), pj(θi, b), vj and wi,j have similar 
meanings as for the first term but now for the soil hydraulic properties. The last term of (14) 
represents a penalty function for deviations between prior knowledge of, for example, the soil 
hydraulic parameters, bj

*, and their final estimates, bj, with nb being the number of parameters with 
prior knowledge and vj representing pre-assigned weights. The weighting coefficients vj may be 
used to minimize differences in weighting between different data types because of different absolute 
values and numbers of data involved, and are given either by: 

  (15) σ 2/1 jjj  n =  v

which causes the objective function to become the average weighted squared deviation normalized 
by the measurement variances σj

2, or by 
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where qj
 is the mean of a particular measurement set, or can be specified independently as input. 

 
Many techniques are available for solving the nonlinear minimization/maximization problem. Most 
methods are iterative by starting first with a given initial estimate bi of the unknown parameters to 
be estimated, followed by a study of how the objective function Φ(b) behaves in the vicinity of the 
initial estimate. In the HYDRUS models we use Marquardt's [1963] method which has proven to be 
very effective in many applications involving nonlinear least-square fitting. The method represents a 
compromise between the inverse-Hessian and steepest descend methods by using the steepest-
descent method when the objective function is far from its minimum, and switching to the inverse-
Hessian method close to the minimum. More details about the parameter estimation features of the 
HYDRUS codes, and specific applications, are given by Hopmans et al. [2002b] and Šimůnek et al. 
[2002a]. 
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WINDOWS-BASED GRAPHICAL INTERFACE 
 
User Interface: Both HYDRUS models are supported by an interactive graphics-based interface 
for data-preprocessing, generation of a structured mesh, and graphic presentation of the results. The 
Microsoft Windows based Graphics User Interface (GUI) manages inputs required to run the 
HYDRUS codes, and is used for grid design and editing, parameter allocation, problem 
execution, and visualization of simulation results.  
 
The program includes a set of controls that allows users to build a flow and transport model and 
perform graphical analyses on the fly. Both input and output can be examined using areal or 
cross-sectional views, and line graphs. The HYDRUS-1D and HYDRUS-2D shell programs 
translate all geometric and parameter data into the HYDRUS input format. File management is 
handled by what we believe is a relatively sophisticated project manager. 
 
Automatic Mesh Generation: Data preprocessing for two-dimensional problems involves 
specification of the flow region having an arbitrary continuous shape bounded by polylines, arcs 
and splines, discretization of domain boundaries, and subsequent generation of an unstructured 
finite element mesh. HYDRUS-2D includes an optional mesh generation program MESHGEN-
2D. This program, based on Delaunay triangulation, is seamlessly integrated in the HYDRUS-
2D environment. In the absence of the MESHGEN-2D program, the HYDRUS-2D shell 
provides an option for automatic construction of simple, structured grids. Some of the above 
features for HYDRUS-2D are discussed in more detail at the HYDRUS-2D website 
(http://www.ussl.ars.usda.gov/MODELS/HYDRUS2D.HTM).  
 
Post-Processing: Output graphics include 2D contours (isolines or color spectra) in areal or 
cross-sectional view for heads, water contents, velocities, and concentrations. Output also 
includes velocity vector plots, animation of graphic displays for sequential time-steps, and line-
graphs for selected boundary or internal sections, and for variable-versus-time plots. Areas of 
interest can be zoomed into, while the vertical scale can be enlarged for better cross-sectional 
views. The mesh can be displayed with boundaries, and with complete numbering of triangles, 
edges and points. Observation points can be added anywhere in the grid. Viewing of grid and/or 
spatially distributed results (pressure heads, water contents, velocities, concentrations, or 
temperatures) is facilitated by means of high resolution color or gray scales. Extensive context-
sensitive, on-line Help features are made part of the interface. 

 
Figure 1. Example of the finite element mesh for a cut-off wall application. 
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RECENT APPLICATIONS 
 
The HYDRUS codes have seen application to a broad range of subsurface flow and transport 
problems. Recent applications include: (1) virus transport at the field scale [Schijven and Šimůnek, 
2002], (2) pesticide transport [Wang et al., 2000; Pang et al., 2000], (3) studies of alternative root 
water uptake models for sprinkler-irrigated trees [Vrugt et al., 2001a,b], (4) predicting water content 
and temperature profiles around land mines [Das et al., 2001; Šimůnek et al., 2001], (5) evaluating a 
new method for analyzing slug-tests for large-diameter, hand-dug wells [Rupp et al., 2001], (6) 
studying the effects of near-shore recharge on groundwater interactions with a lake in a karst terrain 
[Lee, 2000], (7) evaluating the performance of capillary barriers under different rainfall patterns 
[Kampf and Montenegro, 1997; Mallants et al., 1999], (8) transport of TCE and its degradation 
products [Scharlaekens et al., 1999; Casey and Šimůnek, 2001], (9) analysis of riparian systems, 
(10) analyses of heat pulse probes for measuring water fluxes [Hopmans et al., 2002a], (11) variety 
of irrigation and water and/or salinity management problems, (12) recharge from a subsidence crater 
at the Nevada test site [Pohll et al., 1996; Wilson et al., 2000], (13) analyses of the decay of 
historical monuments [Ishizaki et al., 1999], (14) evaluation of the tile drainage design and 
performance [Mohanty et al., 1998, de Vos et al., 2000], and (15) fluid flow and chemical migration 
within the capillary fringe [Silliman et al., 2002], among others.  
 

FUTURE PLANS 
 
We plan to include several new features and processes in forthcoming new version of the HYDRUS 
software packages. These include (1) preferential flow and transport as modeled with a range of 
dual-porosity, dual-permeability, and kinematic wave models, (2) multicomponent solute transport 
(coupling with PHREEQC [Parkhurst and Appelo, 1999]), (3) the coupled movement of water and 
energy (including vapor transport, snow hydrology, freezing/thawing cycle), (4) an energy balance 
at the soil surface (using the Penman-Monteith method for calculating potential ET), (5) overland 
flow to improve the design of surface irrigation systems, (6) the subsurface fate and transport of 
colloids, viruses, and bacteria, (7) and constructed wetlands. A few preliminary results of the first 
two features (preferential flow and multicomponent transport) are given below. 
 
Dual-Permeability Model: Preferential flow remains a major challenge for accurately 
predicting flow and transport into and through the unsaturated zone. Process-based descriptions 
of preferential flow generally invoke dual-porosity or dual-permeability models which assume 
that the soil consists of two interacting pore regions, one associated with macropores or fractures, 
and one with micropores inside soil aggregates or rock matrix blocks. Different formulations 
arise depending upon how water and/or solute movement in the micropore region is modeled, 
and how water and solutes in the micropore and macropore regions are allowed to interact [van 
Genuchten and Sudicky, 1999]. While dual-porosity models assume that water in the matrix is 
stagnant, dual-permeability models allow for water flow in the matrix as well.  
 
Figure 2 shows an application of the dual-permeability model of Gerke and van Genuchten [1993], 
as implemented into HYDRUS-1D [Šimůnek et al., 2002b], to problem of infiltration into a 
macroporous soil profile. We used the following soil hydraulic parameters for the matrix (θr=0.105, 
θs=0.50, α1=0.005 cm-1, n=1.5, l=0.5, Ks=1.05 cm d-1), the fracture (θr=0.0, θs=0.50, α1=0.1 cm-1, 
n=2.0, l=0.5, Ks=2000.0 cm d-1), and the matrix-fracture interface (w=0.05, β=3, γ=0.4, a=1.0, and 
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Kas=0.01 cm d-1; see Gerke and van Genuchten [1993]). The initial pressure head for both regions 
was assumed to be equal to –100 cm, while water was applied only to the soil matrix until ponding 
occurred. Results show that the soil matrix at the surface quickly became saturated since the applied 
water flux (50.0 cm d-1) was much larger than the saturated hydraulic conductivity of the matrix (Ks 
= 1.05 cm d-1) (Fig. 2a). Water then started to flow into the fracture domain where it moved 
vertically downwards (Fig. 2d), with some of it infiltrating laterally into the matrix domain (Fig. 
2b). The two distinct moisture fronts in Figure 2c are due to this lateral transfer from the fractures 
into the matrix (the leading edge), and to vertical flow in the matrix domain (the second front).  
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Figure 2. Infiltration and mass exchange fluxes (a), water mass exchange rates (b), and water 

contents in the matrix (c) and fracture (d) domains calculated with the dual-permeability 
model of Gerke and van Genuchten [1993] as implemented in HYDRUS-1D. 

 
 
Coupling of HYDRUS-1D with PHREEQC: PHREEQC [Parkhurst and Appelo, 1999] is a 
widely used geochemical model that is based on equilibrium chemistry of aqueous solutions 
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interacting with minerals, gases, exchangers, and sorption surfaces (using diffuse double-layer 
and non-electrostatic surface-complexation models). This program can also model kinetic 
reactions using rate equations that are completely user-specified in the form of basic statements. 
Kinetic and equilibrium reactants can be interconnected, for example by linking the number of 
surface sites to the amount of a kinetic reactant that is consumed (or produced) during a 
simulation period. An extensible chemical database allows application to almost any chemical 
reaction that is hypothesized to influence irrigation-, soil-, ground- or surface-water quality.  
 
Figure 3 presents an example of calculations that can be carried out with a coupled 
HYDRUS1D-PHREEQC code [Jacques et al., 2002], in which chemical reactions are calculated 
with PHREEQC and flow and transport with HYDRUS-1D. We considered a fully saturated 8-
cm long vertical soil column having an initial solution as defined in Table 1, and with its ion-
exchange complex in equilibrium with this solution. This problem simulates leaching of Cd, Pb, 
and Zn from an initially contaminated soil core using Ca-rich leaching water. Removal of heavy 
metals from the solid phase was calculated to be the result of ion-exchange with Ca, and to a 
lesser degree with Mg. Water was applied to the top of the column at a steady rate of 2 cm day-1 
and having a chemical composition as given in Table 1. Resulting outflow concentrations and 
concentrations of selected species on the ion-exchange complex at the outlet are shown in Fig. 3. 
 
 
Table 1. Chemical components (mmol/l) used in the simulations, species available in the 

PHREEQC database, and elemental composition of initial and boundary solutions used 
in the simulations. X refers to ion exchanger. 

 
 
Components Species Solutions 
   Boundary  Initial 
 
 
Al Al3+, Al(OH)2+, Al(OH)2

+, Al(OH)3, Al(OH)4
-
 0.1 0.5 

Br Br- 3.7 11.9 
Cl Cl- (and Cd, Pb, and Zn-species) 10 0 
Ca Ca2+, Ca(OH)+ 5 0 
Cd Cd2+, Cd(OH)+, Cd(OH)2, Cd(OH)3

-, Cd(OH)4
2-, CdCl+,  0 0.9 

  CdCl2, CdCl3
- 

K  K+, KOH 0 2 
Na Na+, NaOH 0 6 
Mg Mg2+, Mg(OH)+ 1 0.75 
Pb Pb2+, Pb(OH)+, Pb(OH)2, Pb(OH)3

-, Pb(OH)4
2-, PbCl+,  0 0.1 

  PbCl2, PbCl3
-, PbCl4

2- 

Zn Zn2+, Zn(OH)+, Zn(OH)2, Zn(OH)3
-, Zn(OH)4

2-, ZnCl+,  0 0.25 
  ZnCl2, ZnCl3

-, ZnCl4
2- 

X  AlX3, AlOHX2, CaX2, CdX2, KX, NaX, MgX2, PbX2,  NA 11 
  ZnX2       (mmol) 
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Figure 3. Outflow concentrations of selected major cations (a) and heavy metals (b), and 

concentrations of selected species on the ion-exchange complex at the outlet (c) during 
steady-state saturated flow. 

 
CONCLUSIONS 

 
In this paper we briefly summarized various features of the HYDRUS-1D and HYDRUS-2D 
software packages, as well as recent applications and our future plans. Additional details of the 
codes can be found in Šimůnek et al. [1998, 1999]. Because of their generality, we believe that both 
models are extremely useful tools for prediction purposes, as well as for analyzing a broad range of 
steady-state and transient laboratory and field flow and transport experiments. 
 
Acknowledgement: The authors gratefully acknowledge the support by the SAHRA science and technology 
center under a grant from NSF (EAR-9876800). 
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OPERATION USING EXCEL 
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Abstract:  Reservoir water balance models have a structure that is ideal for implementation in 
spreadsheet software.  This paper presents examples of reservoir simulation models in EXCEL.  
It describes the use of the SOLVER tool for considering multiple optimization objectives and 
describes a process to formulate a reservoir model such that the SOLVER tool can be used to 
solve much larger problems than expected. 
 

INTRODUCTION 
Reservoir computer models are common tools for water managers.  For complex reservoir-river 
systems, excellent reservoir-river modeling software is available.  For simpler systems, for 
example a single reservoir or two, it has been my observation that many water managers use 
spreadsheet models.  I teach a graduate course at Colorado State University (CSU) that includes 
an introduction to reservoir simulation and optimization modeling.  In 1989, I began converting 
the models I used in this course to spreadsheet models.  I choose spreadsheet software as the 
modeling environment for three reasons.  First is the fact that spreadsheets are ideally designed 
to perform budgeting calculations.  Reservoir simulation is a water balance or water budget 
procedure.  Second is the “transparency” of the software.  Users can readily understand the 
computations in a spreadsheet.  The third reason was that spreadsheet software was beginning to 
incorporate optimization capabilities.  This meant that simulation and optimization could be used 
and linked in the same software package.    

 
Spreadsheet software has evolved considerably since 1989 and is now even better suited for 
reservoir operation modeling calculations.  This paper will describe how reservoir simulation and 
optimization modeling can be effectively done using spreadsheet software and will give some 
examples of models from my graduate course.  The paper will focus on EXCEL since this is the 
spreadsheet software my university uses.  However, the concepts I present could also be used 
with other spreadsheet software. 

 
RESERVOIR SIMULATION MODELING 

Reservoir water balance modeling is essentially an accounting problem and the design of the 
spreadsheet software is well oriented toward accounting type problems.  Consider the basic water 
balance equation for a reservoir: 

 
Vt+1 = Vt + It – Rt – Et – Lt                                                                                                                                              [1] 

 
where  Vt = volume in the reservoir at the beginning of time period t 
 It = inflow volume into the reservoir during time t 
 Rt = release volume from the reservoir during time t 
 Et = net evaporation volume from the reservoir during time t 
 Lt = volume of other net losses (or gains) to the reservoir during time t  
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Notice how the structure of this equation leads naturally to developing columns to compute each 
of the terms in the water balance equation, where the row corresponds to a specific time period t.  
An example of the implementation of equation [1] in EXCEL is shown in Figure 1.   
 
 RESERVOIR SIMULATION MODEL FOR WATER SUPPLY

Set Initial Reservoir Volume = Full
Vmin = 100 Vactive = 800 Vmax = 900 User Specified Volume = 450

ANNUAL DEMAND = 646.03
Adjusted

Month VOLBEGIN INFLOW EVAP DEMAND VOL-lc % D S RELEASE Vcalc-1 RELEASE

1 900.0 53.0 19.3 40.9 100 100% 40.9 892.7 40.9

Adjusted
% D S Vcalc-2 SPILL Vcalc-3 VOL-uc % extra EXTRA-Rel VOLEND Total Release

100.0% 892.7 0.0 892.7 900 100% 0.0 892.7 40.9

Failure
SHORTAGE % SHORT FAILURES RUNS

0.0 0.0 0 0

 RESERVOIR SIMULATION MODEL FOR WATER SUPPLY
Set Initial Reservoir Volume = Full

Vmin = 100 Vactive = 800 Vmax = 900 User Specified Volume = 450
ANNUAL DEMAND = 646.03

Adjusted
Month VOLBEGIN INFLOW EVAP DEMAND VOL-lc % D S RELEASE Vcalc-1 RELEASE

1 900.0 53.0 19.3 40.9 100 100% 40.9 892.7 40.9

Adjusted
% D S Vcalc-2 SPILL Vcalc-3 VOL-uc % extra EXTRA-Rel VOLEND Total Release

100.0% 892.7 0.0 892.7 900 100% 0.0 892.7 40.9

Failure
SHORTAGE % SHORT FAILURES RUNS

0.0 0.0 0 0  
Figure 1:  Example of water balance equations in a spreadsheet 

 
At first glance, the spreadsheet implementation shown in Figure 1 appears exceeding complex 
for the water balance equation [1].  However, to truly implement equation [1], we must consider 
how releases will be determined, that is, we must use an operational policy.  One approach might 
be to develop a zone-based operation consisting of:  (1) a lower storage zone where releases 
might be curtailed to something less than the demand; (2) a normal operation zone, where 
releases would equal the demands, and; (3) an upper zone, where releases might be increased in 
excess of demands.  This operational policy would also need to prevent emptying the reservoir 
and account for spills if the volume were too large.  Finally if a release were made that was less 
than the demand, a shortage would occur.  The spreadsheet implementation shown in Figure 1 
considers this zone-based operational policy. 

 
The arrows in Figure 1 are meant to indicate that these columns are all on the same row.  Since 
one row contains the calculations (the set of columns) for a specific time period, then a 
subsequent row will contain the water balance for the next time period.   The ending volume of 
the reservoir located toward the end of the row, will be linked to the cell for the beginning 
volume in the following row.  The facility of spreadsheets to copy rows while updating cell 
references makes it easy to copy and paste additional rows to consider additional time periods. 

 
The example shown in Figure 1 is from a spreadsheet that only considers releases for water 
supply.  Figure 2 shows an implementation of the water balance equation that considers both 
water supply and hydropower generation. 
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Figure 2.  Example of water balance equations in a spreadsheet considering water supply and 
hydropower 

REQUIRED REQUIRED Selected
 ACTIVE WATER WATER ENERGY ENERGY Release

MONTH VOLBEG INFLOW EVAP DEMAND RELEASE DEMAND HEAD RELEASE Value

1 800 14 19.3 32.3 32.3 1500.0 25.6 23.9 32.3

Release Release
Initial Adjusted Adjusted ACTUAL Water Energy Storage
Vcalc-1 Release Vcalc-1 ENERGY SPILL SHORTAGE SHORTAGE Shortage VOLEND

762.4 32.3 762.4 2025.8 0 0 0 0 762.4

 
This implementation does not consider a three-zone operation and therefore it appears as more 
straightforward.  The operational rules are actually contained within the calculations of the 
required water and energy releases as well as in the selection of a reservoir release value 
considering both objectives.  Again the main point is the coding structure that can be copied and 
pasted to consider many time periods. 

 
Figure 3 shows a screen capture of the main page of a simulation model that simulates water and 
hydropower operations for 5 years of monthly data.  As can be seen in Figure 3, there are 
multiple pages in the spreadsheet.  These pages contain additional input for the model as well as 
graphical and text-based output.  On the main page, the user sets the water and energy annual 
demand values.  Monthly demands are computed in the spreadsheet based upon user supplied 
distribution patterns.  The user then selects the beginning year of the five-year inflow sequence 
using the spinner controls.  They can then see if any shortages occurred.  They can also view a 
graph of the reservoir volume over the simulation period.  By using the spinner control they can 
step through many five-year sequences since this model has 33 years of monthly data on its 
Flow_Data page. 
 
The issue of shortages was briefly introduced earlier, however, lets look at this issue in more 
detail.  One of the uses of reservoir water balance models is to determine if the demands can be 
met, and if not, the characteristics of any resulting shortages.  In the spreadsheet illustrated by 
Figure 2 and Figure 3, three different types of shortages are accounted for.  One is any shortage 
resulting from failing to meet the monthly water demand and another is any shortage resulting 
from failing to meet the monthly energy demand.  The third shortage is used if the storage in the 
reservoir drops below the reservoir minimum storage level.  Since it may not be physically 
possible to release water when the reservoir is this low, a shortage in storage actually translates 
into an ultimate release shortage.  Each of these shortages is totaled over all the simulation time 
periods.  Examination of Figure 3 will show a box where these three shortages can be found.   
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Figure 3:  Spreadsheet model for water supply and hydropower generation 

 
Now suppose that we want to use the simulation model illustrated in Figure 3 to find the 
maximum amount of water supply and hydro-energy that could be delivered without fail (that is, 
zero shortages) for some five-year period.  The user would manually adjust the values for water 
demand and energy demand to find combinations of these two objectives that cannot be 
increased without incurring shortages.  Since this is a multi-objective problem, there is no 
“overall optimum” but rather an infinite number of combinations of these two objectives that 
produce a pareto-optimal tradeoff curve.  A practical way of develop this optimal curve is to 
select a value of hydro-energy and then maximize the water demand that can be met using the 
value of hydro-energy as a constraint (this is the ε-constraint method). 

 
RESERVOIR OPTIMIZATION MODELING 

The previous example of using a simulation model to find the maximum amount of water supply 
and hydro-energy (as a pareto-optimal tradeoff curve) is easily adapted to an optimization 
approach.  A key feature of EXCEL software that makes it particularly useful for reservoir 
modeling is the SOLVER tool.  The SOLVER add-in that comes with EXCEL is based upon the 
Generalized Reduced Gradient (GRG) Non-Linear Optimization procedure.  The standard 
SOLVER will allow approximately 200 variables and 100 constraints.  It will also handle binary 
and integer variables.  Larger versions of SOLVER that will handle 1000s of variables and 
constraints are available for purchase from Frontline Systems. 
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To apply the SOLVER to develop the tradeoff curve, the user specifies a target value for annual 
energy and then runs the SOLVER to maximize the annual water demand that can be met, 
subject to the storage, water and energy shortages being equal to zero.  The form of this 
optimization problem is shown below: 

 
Max TAD                                                                                                                        [2] 
s.t. 
Σ Sstoraget = 0     (Σ refers to the summation over all time periods) 
Σ Swatert = 0 
Σ Senergyt = 0 
 

where Sstoraget, Swatert and Senergyt are the storage, water, and energy shortages, respectively, 
in time period t, and TAD is the annual water demand. 

 
It is equally possible to first set the desired target for water demand and then maximize the 
annual firm energy (AFE).  The optimization problem will be the same with the exception that 
the objective function will now be:  Max AFE.  As you can see in Figure 3, radio buttons have 
been provided on the spreadsheets main page to run macros that call the SOLVER to solve these 
two formulations of the problem.  What is most interesting about this approach is that the 
SOLVER sees a problem with 1 decision variable and 3 constraints.  This is true whether we 
are simulating 12 months, 60 months, 120 months or 1200 months.  As far as the SOLVER is 
concerned the size of the optimization problem is the same, regardless of the number on 
months! 

 
For the conference participants, who like the author, are familiar with stand-alone optimization 
models, the previous statements are UNBELIEVABLE!  The size of the problem must be related 
to the number of time periods.  Lets examine how the EXCEL based model works to understand 
this apparent contradiction. 

 
Suppose we were not using EXCEL but rather a stand-alone package that employed the same 
GRG non-linear optimization technique as SOLVER.  Again we will consider the problem to 
maximize the water demands that can be met for a specific period of inflows, given the 
requirement that a specified minimum amount of hydro-energy should be produced.  The 
“classical formulation” of an optimization problem to solve this problem would be similar to the 
formulation shown below: 

 
       Max Z = TAD                                                                                                             [3] 

s.t. 
[Mass Balance Constraints]   Vt+1-Vt+Rt+Et = It 
[Energy Constraints]  2.72 * Rt * HGR *ht * η ≥ βtAFE 
[Release Constraints]  Rt - αt TAD ≥ 0 
[Volume Constraints]  Vmin ≤ Vt ≤ Vmax 
[Initial Value Constraints] V1, Vn+1, AFE 

 
where  Vt, Vt+1, It, Rt, Et, and TAD were previously defined and, 

HGR = proportion of time energy is generated during a time period, 
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ht = head for power generation during time period t 
η = power generation efficiency 
βt = the energy use or energy pattern coefficient for time period t 
AFE = total annual energy demand 

 
In the above formulation, notice that the majority of the constraints are required for each time 
period.  As an example for a 120-month (10 years) period of inflow, the problem would require 
120 mass balance constraints, 120 energy constraints, 120 release constraints and 240 volume 
constraints (120 for the minimum level and 120 for the maximum level).  Adding in 3 constraints 
for beginning volume, ending volume and the level of firm energy would result in a problem 
with 603 constraints.  This is much larger than the approximately 100 constraints allowable in 
the standard SOLVER.  Further, as we double the number of time periods, then we will 
essentially double the number of constraints.  These statements seem completely at odds with the 
previous statements about the optimization problem in EXCEL.  In truth, EXCEL is solving this 
exact same large problem, however, it is doing it in a special way. 

 
The reason that EXCEL can so effectively solve this optimization problem has to do with the 
synergistic relationship between the SOLVER and the spreadsheet software.  It is the underlying 
structure of the spreadsheet software that allows the SOLVER to “see” a much smaller problem.  
As an example, Figure 2 shows the layout of the basic water balance equations for a reservoir 
simulation model in EXCEL.  As noted previously, the beginning volume of the reservoir for 
month 2 is linked to the ending volume for month 1.  In EXCEL, this is accomplished by linking 
the cell address.  By using a cell address to connect month 1 and month 2, we are essentially 
coupling these constraints together.  I envision this as “dynamically coupling” process where all 
the mass balance constraints are essentially transformed into a single equivalent constraint.   

 
In the implementation of the mass balance simulation in EXCEL, Logical-IF tests are used to 
determine if the computed ending period storage is above the maximum level.  This allows the 
model to compute spills and to also enforce the upper volume constraint.  Logical-IF tests are 
used to determine if the computed volume is below the minimum volume.  If the computed 
volume is below the minimum, the associated storage shortage is computed and the volume reset 
to the minimum.  Notice that this will enforce the lower volume constraint as well as computing 
the shortage.  In summary we have created the equivalent of one large mass balance constraint 
that now incorporates the volume constraints.  When the mass balance simulation calculates the 
release required to meet the water demand or energy demand, it again uses Logical-IF tests to 
compute whether the water and energy demands can be satisfied and if not a shortage is 
calculated.  This implies that our one large mass balance constraint now incorporates both the 
volume and release constraints.  Finally when we sum the shortages, those sums link the 
individual shortages together.  In other words, the summation of shortages “dynamically links” 
the individual shortages, and individual shortages link to the mass balance constraints.  From a 
practical perspective, we are still considering the full optimization model of equation [3], 
however, the cell linking structure of spreadsheet software allows the SOLVER in EXCEL to 
“see” a smaller problem. 

 
Unfortunately we cannot exploit this feature to the same degree for all reservoir optimization 
problems.  Notice in Figure 3 that there are buttons under the volume graph.  One of these 
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buttons runs a macro that uses SOLVER to maximize the total hydro-energy.  In this problem, 
we now must treat the monthly release directly as a decision variable.  We will still have the 
same 3 total shortage constraints however we will now have 1 decision variable for each month 
in the model.  A 60-month time period will have 60 decision variables, a 120-month time period 
will have 120 decision variables.  Given the limit in the standard EXCEL SOLVER of 
approximately 200 variables, this will limit the size of the problem we can solve to around 15 
years of monthly data.   For the objectives of maximizing total hydropower or minimizing the 
summation or water or energy shortages (these correspond to other macro buttons shown in 
Figure 3) this is not a severe limitation. 

 
The spreadsheet model shown in Figure 3 has also been modified to operate using a rule curve.  
The general layout of this model is illustrated in Figure 4.  The spreadsheet can be used to find 
the maximum amount of water or energy that can be produced as previously described, however, 
now the reservoir operation is also constrained to follow the user specified rule curve.  Or the 
reverse problem can be solved.  That is, the user specifies the water and energy targets and a rule 
curve is found that minimizes either the water or energy shortages.  In this problem, the 
optimization model has 12 decision variables, that is, the rule curve value for each month. 

 

 
Figure 4.  Spreadsheet reservoir model using a rule curve 

 
OTHER USEFUL SPREADSHEET CHARACTERISTICS 

There are many other features of EXCEL that are especially useful for reservoir modeling.  Two 
features I use a lot are the graphs and the statistical tools.  As can be seen in the spreadsheet 
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model layouts, such as those of Figures 3 and 4, there is a button provided to run a macro to save 
selected results.  This allows the user to save selected results to another page, where they are 
organized into a table.  The statistical tools in EXCEL can then be used to compute basic 
statistics, make histograms, compute probabilities of occurrence, etc., or plot these results in 
various ways.  The spreadsheet models of Figures 3 and 4 also include a variety of graphs of the 
simulation model output.  I find the ability to perform additional analyses directly in the 
spreadsheet model to be particularly helpful to my students.   

 
A final feature of EXCEL that is very nice is the ability to use Visual Basic for Applications 
(VBA) to create custom macros in the spreadsheet.  Although most of the macros I use in the 
reservoir operation spreadsheets are simply recorded from EXCEL, I also use some custom 
macros.  For example, the macro to save selected results to a separate page is a VBA macro.  The 
use of VBA provides the spreadsheet developer the ability to make complex calculations, 
including looping, and create custom functions specific for reservoir modeling applications. 

 
CONCLUSIONS 

Since I first began modeling reservoir operations in spreadsheet software in 1989, I have seen 
many enhancements to spreadsheet software that I believe make it a very viable option for 
modeling single reservoir systems.  I believe that the use of the SOLVER tool greatly enhances 
the opportunities to quickly analyze many possible reservoir options.  Further, proper design of 
the simulation model will allow the optimization capabilities of the SOLVER to be effectively 
exploited.  This paper has only focused on only a few examples of reservoir spreadsheet models.  
In my graduate class I use others in addition to these.  I welcome interested participants to 
contact me via email for more information. 
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Abstract:  The Hydrologic Engineering Center (HEC) has developed a new reservoir simulation 
program named HEC-ResSim as the successor to the well-known HEC-5.  The program joins the 
HEC NexGen suite of software that has been emerging since the mid 1990’s.  ResSim is 
completely new code and design, based on object-oriented principles, has a modern graphical 
user interface, and shares a common river network with other NexGen programs. It is designed 
for use in both conventional simulation analysis, as would be needed for planning and operation 
studies, and for implementation in a real-time decision support system.  ResSim is the reservoir 
operations component of the Corps Water Management System (CWMS) that is now being 
deployed nation-wide in Corps offices. The first release of the program to Corps offices was 
early in calendar year 2002. Future versions of ResSim will have the capability for more 
complex reservoir simulation, including operation for hydropower requirements.  New releases 
are planned on an annual basis. 
 

INTRODUCTION 

Background 
 
The Hydrologic Engineering Center (HEC) has developed a new reservoir simulation program 
named HEC-ResSim as the successor to the well-known HEC-5.  The development of HEC-5 
began in the early 1970’s with an event based flood control reservoir simulation program and 
evolved into a product for the simulation of flood control and conservation systems during a 
single event or over a long period of record.  HEC-5 was written in Fortran II through Fortran 77 
and uses ASCII text files as input formatted to represent a deck of fixed field cards.  With the 
significant advancements made in software development tools in the 1990’s enabling 
development of programs with sophisticated graphical user interfaces and data visualization 
tools, the desire for easier-to-use hydraulic and hydrologic analysis programs was formed, 
sparking HEC’s NexGen software development project. 
 
HEC-ResSim joins the HEC NexGen suite of software that has been emerging since the mid 
1990’s.  The program is completely new, is based on object-oriented software design principles, 
has a modern graphical user interface, and shares a common river network with other NexGen 
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programs.  ResSim is the reservoir operations component of the Corps Water Management 
System (CWMS) that is now being deployed nation-wide in Corps offices. The first release of 
the program was early in calendar year 2002 as part of the CWMS deployment to Corps offices. 
 
Requirements:  Development of the requirements statement for an all-new reservoir model 
began with a draft document (Spears, 1996) prepared under contract by Doug Spears, a highly 
experienced reservoir regulations engineer recently retired from the North Western Division of 
the Corps.  The draft was reviewed, edited, and enhanced by a team of Corps field office 
engineers that have responsibilities in reservoir operations and management, thus producing the 
WCDS – Reservoir Simulation System (RSS) Requirements Specification.  Using the finalized 
requirements statement (RSS Design Team, 1996) as a guide, the ResSim program was designed 
for two purposes: first, for implementation as a component in the Corps Water Management 
System (CWMS), a real-time decision support system; and second, for use as a standalone 
product in conventional simulation analysis, as would be needed for planning and operation 
studies (DeGeorge, 1998).   
 
Software Overview:  ResSim is a simulation model for evaluating river-reservoir operations that 
supports explicit representation of complex reservoir outlet structures and storage zone-based, 
hierarchical operating rules.  The initial development of ResSim has focused its use in real-time 
flood forecasting where the analysis time-scale is short, detailed operation of outlet structures is 
important, and river routing plays an important role in release decision making.  ResSim has 
been designed to also support planning studies where time-scales are much longer and detailed 
outlet operations are less important. 
 
The Java environment was chosen for development of the CWMS suite of products because of 
its almost seamless multi-platform and networking capabilities.  As a component of CWMS, 
ResSim was developed with the same family of basic data objects, modules, graphics, and with 
the same “look-and-feel.”   
 
ResSim benefited in several ways by being part of the CWMS development effort.  Among the 
benefits are the module framework and the dual modes of operation.  The module framework 
allowed for the development of unique user interface design to be developed for each major 
focus area of the program.  The modules in ResSim are Watershed Setup, Reservoir Network, 
and Simulation.   The Watershed Setup module was developed to isolate the watershed setup 
functions from the reservoir network definition,.  This module is common to several HEC 
applications, including the CWMS CAVI (Control And Visualization Interface) and HEC-FIA 
(Flood Impact Analysis), and will be incorporated in other applications over time.  The 
Simulation module was formed in order to separate the computation process from the data 
development functions.  Customized versions of the Simulation module appear in both HEC-
ResSim and HEC-FIA, as well as in the CAVI as the Model Interface module.   
 
The dual operations modes are referred to as networked and local.  In networked mode, ResSim 
operates as a “client” to a set of application servers running on another platform (a UNIX 
workstation).  These application servers provide login, remote file management, and multi-user 
coordination services to the ResSim client.  In local mode, ResSim operates as a single user 
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program and performs its own file management on the platform from which it was run (UNIX 
workstation or Windows2000 PC). 
 

REPRESENTATION OF RIVER-RESERVOIR NETWORKS 
 
The HEC NexGen goal to facilitate watershed modeling spurred the development of the 
Watershed Setup module incorporated in ResSim and other modeling programs. The Watershed 
Setup module provides the tools needed to define a set of watershed configurations within which 
a variety of schematic objects can be arranged into a system schematic.  The system schematic 
begins with the development of a stream alignment.  The stream alignment defines the river 
network and acts as a skeleton upon which to arrange the schematic objects.  Background maps 
can be added to the drawing region to assist the user in drawing the stream alignment and 
locating the schematic objects.   The set of schematic objects includes reservoirs, levees, 
diversions, channel modifications, storage areas, “other” projects, impact areas, and common 
computation points.  These elements are drawn on or in relation to the stream alignment as 
shown in Figure 1.   
 

 
Figure 1.  Watershed Setup Module with Stream Alignment and Schematic Elements 
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A watershed configuration represents a state of the system that is to be simulated by a set of 
modeling programs.  A configuration can be viewed as a set of layers of schematic objects, with 
each object type existing on its own layer.  Each program used to model a configuration can then 
use the relevant object layers as a basis from which to build its own representation of the system. 

Reservoir Network 
 
A reservoir network is created based on a watershed configuration.  The elements of a reservoir 
network include reservoirs, diverted outlets, diversions, routing reaches, and junctions.  ResSim 
will absorb the information from the reservoir, diversion, and common computation point layers 
of a selected configuration and build a reservoir network model; reservoir objects become 
reservoir elements, diversions from the reservoir become diverted outlets, diversions from a 
stream become diversion elements, and common computation points become junction elements.  
The user must then complete the connectivity of the network by adding reach elements to route 
flow through the system, as shown in Figure 2. 
 

 
Figure 2.  Reservoir Network Module with Routing Reaches Included 

 
Reservoirs:  ResSim supports a very flexible definition of reservoirs.  While typical reservoirs 
will have a single inflow and a single dam, reservoirs may have multiple inflow locations and/or 
multiple dams releasing to different streams.  Diverted outlets may be added to a reservoir to 
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represent spillways or penstocks that release to a location other than the outflow location of the 
dam.  ResSim manages the outlet works as a hierarchical system of outlets and outlet groups.  A 
simple reservoir will have a single dam with a single controlled outlet.  A complex reservoir may 
have a variety of controlled and uncontrolled outlets organized into groups representing sets of 
gated spillways, low-level outlets, or penstocks. 
 
Reaches:  Reach elements move flow from one junction to another in the network.  Hydrologic 
routing of the flow is applied to simulate the natural behavior of the flow through a stream.  The 
hydrologic routing methods available in ResSim include Muskingum, Muskingum-Cunge 8 point 
or prismatic channel, and Modified Puls.  A generalized coefficient method is also available that 
the user can employ to implement any of a number of linear routing methods.  Losses from the 
reach can be modeled using the seepage option in ResSim.  Seepage can be defined as a constant 
or as a function of flow. 
 
Diversions:  Diversion elements remove water from the river at a junction and either remove the 
water from the system or send it to another location in the network.  One of six methods can be 
used to define the amount of flow being diverted.  These diversion methods include: constant, 
monthly varying, seasonal, function of flow, function of elevation, and time series.  If the 
diversion connects back into the network, routing can be applied to the diversion.  The same 
methods available in the reach element are available to the diversion.  Also, losses from a 
returning diversion can be specified.  The losses can be defined as a fraction of the diverted flow, 
constant seepage, or seepage as a function of flow. 
 
Diverted Outlets:  Diversions from the reservoir pool are modeled as diverted outlets. Diverted 
outlets are also used if the flow through a reservoir outlet or outlet group either leaves the 
network completely or enters the network at some location other than the tailwater of the dam.  
Having the diverted flow under the control of the reservoir operations through the diverted outlet 
element provides the user a stronger set of tools for defining diversion from the reservoir than are 
available through a standard diversion element. 
 
Junctions:  Junction elements provide inflow to the network and its elements.  The outflow of a 
junction equals the sum of the inflows to the junction.  Diversions are treated as negative 
inflows.  If a bifurcation of a stream occurs at a junction, the total inflow is divided equally to the 
downstream reaches. 
 

Reservoir Operations 
 
As a simulation model, ResSim relies on an explicitly prioritized set of operating rules to control 
release decision-making.  Because different operating strategies may be required as the reservoir 
storage ranges from empty to full, the rules that are active in governing reservoir releases and 
their priority depend on the current storage level of the reservoir. 
 
Operation Sets and Zones:  For each reservoir, the user must define one or more sets of data, 
called operation sets, which describe the operating strategy by which the reservoir should store 
or release water.  Each operation set contains a set of seasonal operational storage zones.  The 
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default set of zones includes flood control, conservation, and inactive zones.  The user can add 
more zones to finely subdivide the pool for a detailed operation scheme.  Figure 3 shows the 
Operations tab of the Reservoir Editor.  The region at the left side of the editor illustrates the 
operations zones defined for the current reservoir.  Within each zone is a prioritized set of rules 
to be followed when the pool elevation reaches a zone. 
 
Operating Rules:  Rules describing flow goals and constraints are then added to, and prioritized 
within, each zone.  Rules can be defined to control individual outlets or groups of outlets within 
the outlet works or can be applied directly to the total reservoir release or to the pool.  Rules are 
also available to control releases for downstream goals or constraints.  The rule types currently 
available include: seasonal minimum, maximum and specified flow limits at the reservoir or at a 
downstream location; rate of change of release or pool elevation; release as a function of inflow 
or pool elevation; emergency gate regulation (induced surcharge); and release as a function of an 
external parameter. 

 
Figure 3.  Reservoir Editor showing Operation Set, Storage Zones, and Rules 
 
Evaluation of Operating Rules:  The curve defining the top of the conservation zone is 
designated as the guide or rule curve.  This curve represents the basic objective of the reservoir 
operation – get the pool elevation to, and hold it at, the guide curve.  Without any other 
operational constraint, that is what the decision logic will do, within the maximum outlet 
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capacity and physical rate of change constraints.  When a set of rules exist within the current 
pool, the decision logic first determines what the release would be for guide curve operation; 
then, working from the lowest to the highest priority rule, it adjusts the release to meet each rule.  
If two rules contradict each other, the higher priority rule applies. 
 
Reservoir Systems:  If two or more reservoirs are assigned a rule to operate for a common 
downstream location, these reservoirs form an implicit reservoir system.  ResSim will attempt to 
evenly balance the storage between the reservoirs in the system while determining the release to 
meet the downstream rule and other constraints.  If even balancing of the available storage in 
each reservoir of the system is not the desired operation, an explicit system of reservoirs and its 
desired storage-balancing scheme can be defined. 
 

SIMULATION AND ANALYSIS 

Alternatives 
 
The structure designed for preparing a run in ResSim begins with the definition of one or more 
alternatives.  An alternative is the specification of a reservoir network and the operation set to be 
used for each reservoir and reservoir system in the network, the specification of the initial (or 
lookback) conditions, and the mapping of the input time-series data to all the inflow locations 
and of the observed data to all the specified computed variables in the model.  
 

Simulation 

A simulation is the device used to perform an analysis.  A simulation includes the selection of a 
time window and the set of alternatives to be run within that time window.  The simulation 
module gives the user access to simulation creation, alternative editing, computing, plotting, and 
report generation tools.  The results of the alternatives can be plotted or tabulated for comparison 
and analysis. 
 
The composite plot shown in Figure 4 is one example of a variety of predefined plots and reports 
have been included in ResSim to enable the user to visualize the results of the model.  The plot 
illustrated is the default plot of the reservoir. The first set of curves represents the elevation of 
the pool over time with respect to the reservoir’s operating zones.  The lower plot shows the 
inflow and outflow of the reservoir pool.  
 
The list of predefined reports available from the Reports menu include summaries for each 
element type as well as a release decision report detailing the zone and rule that influenced the 
release for each time step at each reservoir and outlet. 
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Figure 4.  Example of Predefined Plot - Reservoir Pool Details     

Release Overrides 
 
ResSim has a compute option available where the user can review the release decisions the 
program made, then override the release for one or more outlets at one or more time step.  When 
the alternative is re-run, the reservoir will release the specified flow for each outlet at each time 
step at which an override was specified within physical capacity of the outlet.  This option allows 
the user to analyze how changes in the reservoir releases can affect the pool of the reservoir, the 
release from other outlets, and the releases from other reservoirs. 
 
 

DEVELOPMENT PLANS 
 
A Corps research and development work unit has been approved to fund future development of 
ResSim in the areas of hydropower operation and other advanced rule definition.  Current 
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development includes adding rules to operate for scheduled hydropower requirements and 
advanced downstream constraints.  Also under development is the ability to define a release 
decision schedule, where a reservoir has a schedule at which it can change the releases.  A public 
release of ResSim, including these new options, is planned for late summer, 2002. 
 
More advanced features to be added to future versions will be advanced hydropower operation, 
system power, user-defined (if-then-else) rules, and water accounting. 
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Abstract  
RiverWare is a general software tool for modeling river basin operations developed at the Center 
for Advanced Decision Support for Water and Environmental Systems (CADSWES) at the 
University of Colorado, sponsored jointly by the Tennessee Valley Authority (TVA) and the 
U.S. Bureau of Reclamation (Reclamation). RiverWare has several solution methodologies, and 
TVA has implemented two models that use RiverWare's optimization method followed by 
simulation of the optimal outflows: a 9-day model with 6-hour time steps and a 2-day model with 
an hourly time step. 
 
We will present highlights from the mathematical framework, the software interface, and the 
model’s role in the larger scheduling process. The mathematical framework includes preemptive 
goal programming with a linear programming engine and piecewise-linear approximation of 
nonlinear functions. The software interface allows the schedulers to import and view data, 
modify a prioritized list of policy constraints, view and alter the optimal solution, and analyze 
how both physical constraints and policy constraints influenced the solution. The models are 
only part of a larger process that includes forecasts of hydrologic inflows, forecasts of the power 
market, special operations at reservoirs and reaches, and past operating experience. 
 

INTRODUCTION 
 
Dam construction in the United States has slowed considerably, and with that change, emphasis 
has shifted to improved management of existing reservoirs, typically with multiple, and some 
times conflicting uses. RiverWare is one general modeling tool that has been developed to meet 
this need. RiverWare was developed by the Center for Advanced Decision Support for Water 
and Environmental Systems (CADSWES) at the University of Colorado, and sponsored jointly 
by the Tennessee Valley Authority (TVA) and the U.S. Bureau of Reclamation (USBR), and 
since then also has been adopted by other modelers. RiverWare was inspired by past modeling 
experience at both TVA and USBR and reflects both the successes and limitations of prior 
models. 
 
The previous models were considered useful to the agencies, but they had two notable 
limitations. First, previous models were dedicated to particular river basins and had to be 
maintained individually by the agencies without the benefit of similar work being conducted on 
other river basins. Secondly, policy was imbedded in the code and largely inaccessible to 
reservoir operators. Thus, changing the policy in the models either to reflect changes in reality or 
to conduct policy studies was a large programming task that depended on a small number of 



highly trained individuals. Additionally, “hiding” policy in the code made it more likely that 
errors would go undetected.  
 
RiverWare has improved modeling in terms of these limitations, of course, without entirely 
eliminating programming or policy errors. Adding new concepts to a model still requires 
programming, and RiverWare has continuously added new features over the last ten years, but 
now those new features become available to all of the RiverWare models. Thus, the 
programming and maintenance costs are shared rather than repeated at each basin. Policy errors 
still appear in models from time to time, but now they are visible to the end users and can be 
repaired without rewriting and recompiling software. 
 
While many river basins share many attributes, one frequent difference is the nature of policies 
that control the operation of a river basin. For example, some systems focus on maximizing 
hydropower revenue within limitations placed by the other reservoir uses. The Tennessee River 
is such a system because of the original legislation creating TVA. In contrast, other systems are 
so driven primarily by laws, agreements, and historical operating rules that little flexibility 
remains to manipulate hydropower generation. Still other systems are driven largely by water 
rights. Consequently, RiverWare has several “controllers” for setting reservoir releases; each 
oriented towards meeting one of these policy frameworks. In addition, RiverWare has a 
simulation controller that acts as a sophisticated “calculator” for any policy that has sufficiently 
specified reservoir operations. Each of the policy-oriented controllers relies on this simulation 
capability in some way. For example, the optimization controller relies on a post-optimization 
simulation to remove small errors created by linear approximation of non-linear functions. The 
simulation is driven by the optimal reservoir releases. Zagona et al. (2001) describe the other 
RiverWare controllers in more detail as well as some notable previous approaches to reservoir 
modeling. Eschenbach et al. (2001) includes a summary of previous approaches to optimizing 
reservoir operations. 
 
The rest of this paper is organized as follows. First, we will describe the mathematical 
framework of RiverWare’s optimization controller, a preemptive linear goal program. RiverWare 
is designed for use by reservoir schedulers rather than experts in mathematical programming. 
Thus, the second section will describe the software interface that allows schedulers to build, 
control and interpret models at a high level rather than at a mathematical programming level. We 
will illustrate the use of these tools with the models in use at TVA: a 9-day model with 6-hour 
time steps and a 2-day model with an hourly time step. In the final section, we will describe the 
larger reservoir scheduling process at TVA and how the RiverWare models fit into this process. 
 

GOAL PROGRAMMING IN RIVERWARE 
 
The optimization controller in RiverWare is based on optimizing a series of linear functions over 
a set of linear constraints: preemptive linear goal programming. The essential decision variables 
in this optimization are the reservoir releases at each time period. However, other variables are 
included in the model to represent constraints and objectives. For example, reservoir variables 
include storage, pool elevation, operating head, backwater elevation, inflow, outflow, spill, 
turbine release, turbine increase/decrease, evaporation, and bank storage. Reach variables include 
inflow and outflow. Canal variables include flow and head. Variables for water users include 
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diversion, depletion, return flow, water available for diversion, and intake elevation. This list 
isn’t comprehensive and new variables are frequently added as new features are modeled. In 
addition, modelers can create new variables in their models without any revision of RiverWare. 
 
The constraints that must be included to model reservoir releases are mass balance and 
continuity. However, many other constraints have been included to define all of the variables 
listed above. For example, reservoirs have constraints on turbine capacity, spill, and sloped 
storage. 
 
One way to model the multi-purpose aspect of reservoir management is with goal programming. 
Each prioritized goal can advance one (or more) of the purposes. The goal program formulates a 
series of linear programs, each of the form: 
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The goal program can be defined by the following pseudo-code which steps through n prioritized 
objective functions indexed by p, where zp is the pth objective function, zp = cpx, and z*p is the 
optimal value of that objective: 

For p = 1 to n 
{  bAxxc ≤    ..    tsMax p

   Add a new constraint preserving the optimal objective function value: 
     zp = z*p 

} 
(In practice, rather than using this formulation literally, a series of equivalent linear programs are 
formulated for a more efficient algorithm.) 
 
One recent extension to this framework is to relax the constraints that the previous objectives 
must exactly their optimal values. For example, a previous objective might be constrained to be 
within 5% of optimality: 

  pp zz *95.0≥
By introducing a little flexibility into prior objectives, subsequent objectives may be dramatically 
improved. TVA expects to incorporate this feature in their models in the near future. 
 
This framework can be further extended to allow modelers to specify a set of constraints in place 
of a prioritized objective. Of course, ideally the constraints would be fully satisfied. If this were 
the case, the constraints could just be added to the other constraints. However, if all the 
constraints cannot be simultaneously satisfied, a reasonable objective would be to satisfy the 
constraints as closely as possible. If more than one constraint exists, the constraints may be in 
conflict and some balanced means of resolving the conflict must be achieved.  
 
RiverWare achieves such a balance by translating the satisfaction of the constraints back to an 
objective function. RiverWare requires that each variable is required to be bounded and hence 
any linear expression is bounded. For example, for the expression, 3w + 2y, the bounds are: 
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where LB() and UB() represent the lower and upper bounds respectively on individual variables.  
Thus, a constraint, i, such as  
  (i)     b23 ≤+ yw
could be written with a satisfaction variable, zi, as  
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Notice, that when zi = 0 the constraint repeats the upper bound on the expression, (ub), and when 
zi = 1 the original constraint, (i), is fully satisfied. RiverWare provides two methods to combine 
the individual zi into an objective.  
 

 
 

Figure 1 : TVA system modeled in RiverWare 
 
 

 4



One approach is to define  
∑=

i
ip zz  

which is called “Summation” in RiverWare. The other approach is to define 
  ip zz ≤
which is called “MaxiMin” in RiverWare because it maximizes the satisfaction of the least 
satisfied constraints. A slight twist to this objective is that there may be alternate optimal 
solutions with some of them leaving room to improve the satisfaction of the other constraints. 
Just as in the larger goal program, we could “freeze” the optimal solution for the least satisfied 
constraint(s) and optimize over the remaining constraints. This is exactly what RiverWare does. 
(Technically, this repeated optimization procedure maximizes the “L∞ norm” of the satisfaction 
variables, while the summation approach maximizes the “L1 norm”.) The vast majority of TVA’s 
priority levels use the MaxiMin approach on a set of constraints. 
 

RIVERWARE SOFTWARE INTERFACE 
 
RiverWare uses an object-oriented approach for modeling river basins. Different parts of a river 
basin are modeled as different classes objects. For example, TVA’s model (Figure 1) 
contains Storage Reservoirs, Level Power Reservoirs, Sloped Power Reservoirs, Pumped Storage 
Reservoirs, Inline Power Objects, Reaches, Canals, Data Objects, and a Thermal object. A full 
description is beyond the scope of this paper. See Zagona et al. (2001), for more details on these 
objects and others. 
 
 

 
Figure 2: Method Categories and Selection on a Reservoir 
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Each class of object has knowledge of its physical processes, modeling features, and data. 
Modelers configure individual objects by selecting “methods”. The available method choices 
depend on the controller, object class, and other method selections. An important group of 
methods in the optimization controller controls how nonlinear functions are converted to linear 
and piecewise linear functions. While modelers can select which method to use, RiverWare also 
provides default methods that work well in most cases. Figure 2 illustrates some of the 
method categories and their current selected methods for a reservoir.  
 
For a given selection of methods, a set of applicable data values, “slots”, is defined. Slots consist 
of time series, “series slots”, such as inflow and outflow, and data tables, “table slots”, that 
typically hold functional relationships such as elevation-volume or elevation-spill. Series slots 
may be input by users, output by a controller, or some combination of both. Slots may be linked 
so that two slots on different objects have equal values or one slot may equal the sum of several 
others. A common use of links is to link inflows on one object to outflows from other objects. 
Figure 3 illustrates the slots on a reservoir. 
 

 
Figure 3: Slots on a Reservoir 

In optimization, many of the series slots correspond to variables that are automatically added to 
the linear program. In addition, RiverWare automatically adds constraints on these variables to 
the linear program. These constraints reflect physical constraints on the variables, auxiliary 
constraints for modeling piecewise-linear functions, and policy constraints written by modelers. 
Physical constraints include mass balance for each object, links between serial slots, turbine 
capacity, elevation-spill curves, canal flow as a function of elevations, lagged reach flows, etc. 
Modelers can control some of the variables and constraints that are included in a model through 
method selections. For example, evaporation may be omitted for reservoirs with inconsequential 
evaporation. More details about the automatic generation of the goal programming formulation 
can be found in Eschenbach et al. (2001). 
 
Policy 
RiverWare has a “constraint editor” that modelers can use to specify constraints and objectives. 
Modelers build these expressions by selecting menu items. The menu choices are restricted by 
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the context of a partially constructed expression. In addition, the constraint editor allows 
modelers to activate (check mark), deactivate (X mark), and prioritize policies. Figure 4 
illustrates the constraint editor with TVA’s policy. Each of the priority levels shown in the figure 
can be opened to reveal the individual constraints by selecting the triangle.  
 
Modelers can access all of the defined variables when creating policy as well as data values by 
selecting slots from the menus. In addition to the variables that are directly represented in the 
optimization problem, the modeler can just as easily access functions that will be automatically 
replaced with linear or piece-wise linear functions when the optimization problem is formulated. 
This substitution process is recursive: by referencing a single variable, a modeler may create an 
expression that has thousands of variables after all of the substitutions are made. For example, 
the economic objective is stated in TVA’s models with reference to a single variable, Net 
Avoided Cost, and yet through substitution the objective ends up being expressed in terms of all 
of the individual reservoir flows, the final reservoir storages, and more. Of course, model users 
can control the details of the substitution through the selection of methods. More details about 
the linearization methods can be found in Eschenbach et al. (2001) and more details on policy 
expression can be found in Magee et al. (2001). 
 

Figure 4: TVA policy in the Constraint Editor 
Policy in TVA’s 6-hour model can be described as a combination of flood control, navigation, 
recreation, water quality, power generation, and special operations. Many of these policies are 
described by individual reservoir guide curves that define the allowable flow based on reservoir 
elevations. 
 
Other kinds of constraints in TVA’s 6-hour model include: 

meeting an ending target elevation,  
ramping rates - setting maximum change in power generation,  

 7



restricting increases in reservoir storage to natural inflows,  
capping the head across a canal,  
constraining the total storage in a subbasin,  
forcing fluctuations to limit mosquito population,  
balancing elevations at comparable reservoirs, 
limiting spill, and  
meeting regional power demands before using power for economic benefit. 
 

Some of these constraints are activated or adjusted on a seasonal basis. In addition, TVA 
occasionally activates “special operations” constraints that limit power or flow based on 
temporary circumstances such as plant maintenance or recreational activities.  
 
Finally, this model contains an economic objective to maximize the value of hydropower. The 
details of hydropower modeling are beyond the scope of this paper, but are described in detail in 
Zagona and Magee (1999). TVA makes two similar runs with this model that differ largely in 
terms of the objective. Two runs are required because more detailed information on the value of 
power is available in the short term than the long term.  
 
Prior to the first RiverWare run, TVA runs their internally developed program to estimate the 
long-term (60-90 days) value of remaining project storage at the end of the RiverWare planning 
horizon. The inputs to this program, Value of Project Storage (VPS), include: ending elevations 
from previous RiverWare runs, future target elevations, and expected hydrologic inflows to 
predict the percentage of time each hydro plant is operating. The model then assumes that each 
plant will operate only during the most valuable hours. The least valuable hour used under this 
assumption defines the marginal value of an increase in generation. This model assumes that 
each hour has a fixed value of generation that does not depend on the quantity of power 
generated, sometimes referred to as a “system lambda.” The data used at TVA is called “POSE” 
after a previous model with an hourly value of power. By running the VPS program with 
alternate ending RiverWare elevations, the marginal value of stored water can be computed 
across a range of storage levels for each hydro plant. These marginal values are passed to the 
first RiverWare run. The first RiverWare run uses the same POSE data for valuing short-term 
power generation and trades this off against the long-term value of leaving the water in the 
reservoirs as predicted by the VPS model. The solution to this run includes an optimal ending 
elevation for each reservoir.  
 
In the second run, these ending elevations become constraints, replacing the economic value 
provided by the VPS program. Thus, power values required are only required for the short-term 
and a more detailed power valuation can be used. Specifically, each time period has a piecewise 
linear value of generation with decreasing returns to scale. Using this detailed data allows for a 
more informed optimization of short-term power generation. 
 
The main purpose of TVA’s hourly model is to allocate the daily releases from the 6-hour model 
to individual hours. One approach would be to require the hourly model to meet the 6-hour 
releases exactly. Instead, this condition is relaxed to require only that the 24-hour totals match. 
These “daily volume” constraints remove the need for many, but not all, of the constraints in the 
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6-hour model. In addition, some other constraints are added at the hourly level. For example, 
some small plants are required to operate in tandem with adjacent larger plants. 
 
Post-optimization 
RiverWare has an Optimization Analysis Tool (OAT) that assists modelers in explaining why the 
optimal solution is optimal. Ideally, schedulers and those affected by the schedule would prefer a 
series of cause and effect explanations for the solution. Unfortunately, in the worst case, the only 
explanation for a linear programming solution is that it is the solution of n equations and n 
unknowns with the other variables set to their bounds. Fortunately, OAT can bridge this gap 
most of the time by taking advantage of the special structure of many constraints. OAT provides 
a high level grid view (Figure 5) identifying the priority level that fixed the value of key 
decision variables, such as reservoir storage and release, for each object at each time period.  

 
Figure 5: Top-level view of Optimization Analysis Tool 
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In addition, OAT has a more detailed view (Figure 6) for each object – time period 
combination that suggests the constraints that might be  “responsible” for the value of each 
variable on that object at that time. More details on OAT can be found in Magee et al. (2001). 
 

 
Figure 6: Detailed View in Optimization Analysis Tool 

 
Simulation runs follow all of the optimization runs. These runs serve several purposes. 
Simulation eliminates small linearization errors in optimization. Additional processes are 
modeled in simulation that are not included in optimization. Schedulers can manually adjust any 
part of the optimization solution. 
 

TVA SCHEDULING PROCESS 
 
TVA’s scheduling process has evolved as RiverWare has evolved. TVA was the first agency to 
adopt RiverWare’s simulation controller in 1996. During this period, TVA’s scheduling process 
was largely similar to manual scheduling enhanced with tools to improve efficiency. When the 
optimization controller was completed, it was tested and refined in side-by-side mode with 
simulation. In 1998, optimization initialized the scheduling process with schedulers making 
substantial changes during simulation. With time some of the scheduler’s expertise has been 
incorporated in optimization and post-simulation changes have become smaller. In 2001, the 
hourly optimization model was put into production. More detailed modeling, particularly of 
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economic value, has led to the current set of three optimization runs. The evolutionary aspect of 
this modeling has been important to its success. Model use has led to important feedback for the 
development of model capability. In particular, as scheduling needs have changed they have 
been incorporated in modeling capability. 
 
Using RiverWare has meant considerable automation of a previously more manual schedule 
process. Under the previous process, most of the schedulers worked on different parts of the river 
in parallel during a single shift. Far fewer schedulers are required for a single run with 
RiverWare. TVA has used this advantage to convert to 24/7 scheduling and staffing. The same 
total number of schedulers is employed, but the schedulers are now divided into 6 separate teams 
working different shifts. Under the 24/7 process, the entire modeling sequence can be repeated as 
either hydrologic, power, or economic conditions change, typically 2-3 times per day. 
  
The RiverWare models are only part of a larger process. The scheduling staff is also responsible 
for forecasting unregulated inflows into the system, collecting forecasts of power value based on 
alternative sources of generation, scheduling hydropower from other rivers, working in real-time 
with parties affected by reservoir operations, and general monitoring of the hydropower system. 
 
TVA’s current scheduling process can be summarized as follows. The 6-hour portion of 
scheduling includes: 
1. build the data sets including forecasts of inflows based on weather and hydrology, 
2. simulate day 1 with new hydrology to determine day 2 beginning reservoir elevations, 
3. calculate the Value of Project Storage for day 9 from POSE and seasonal elevation targets, 
4. 6-hour optimization of days 2-9 with POSE data to determine ending reservoir elevations, 
5. 6-hour optimization of days 2-9 with piecewise value of power to determine 6-hour releases, 

and 
6. simulate days 1-14 based on prior runs and day 14 targets set by senior water engineers. 
 
The hourly portion of scheduling includes: 
1. simulate day 1 based on yesterday’s plan plus any changes that have been made, 
2. optimize days 2-3 using elevations from day 1, 
3. simulate days 2-3 and export hourly generations and ending elevations, 
4. transfer data to “preschedule” tool, 
5. automated adjustment for minimum flow pulses and plant set points, and 
6. manual review and double check for errors.  
 
Bear in mind that this description is a snapshot of an evolving process. Historically, some 
manual post-processing has been eventually incorporated into the automated process freeing 
schedulers to improve on the overall process with either additional runs or more detailed 
modeling. We expect this process to continue. For example, efforts are under way to modify the 
hourly optimization model to directly include some constraints that are currently handled with 
manual post-processing of the generation schedule. 
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SUMMARY 
 
TVA has successfully used RiverWare’s Goal Programming algorithm to model reservoir 
operations. Schedulers have used method selections to configure individual water objects to 
model the desired physical processes and create the corresponding optimization model. Once 
these methods are selected, RiverWare automatically generates variables, constraints and 
linearizations of non-linear functions. The schedulers have defined policy constraints and 
objectives through RiverWare’s constraint editor. RiverWare translates this policy into a 
corresponding goal program. In addition to suggesting reservoir releases, RiverWare provides a 
tool to help visually explain why the system solution is optimal. The automation and tools in 
RiverWare reduce the technical optimization burden on schedulers allowing schedulers to focus 
more of their attention on the larger process of river scheduling. 
 
Currently, three RiverWare runs are performed as part of a larger scheduling process that is 
repeated several times per day as water and power conditions change. The schedulers work in six 
teams to run a 24/7 river scheduling operation that includes forecasting reservoir inflows, 
incorporating power forecasts, estimating the long-term value of reservoir storage, and manual 
revision of the solutions. Both the scheduling process and RiverWare’s capabilities continue to 
evolve in response to changing scheduling needs. 
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Abstract 
 
In recent years, distributed (spatially explicit) models have become more widely used, in part 
because of the availability of geographic information systems.  However, advances in the 
understanding of hydrologic and geomorphic processes in concert with more readily available 
spatial data sets make these models more useful.  In particular, distributed catchment models 
have the potential to predict where and when runoff is generated and sediment entrainment or 
deposition is occurring.  To ensure that the models have the potential to produce physically 
realistic sediment yield predictions, it is necessary to identify unique sediment contributions 
from raindrop impact and entrainment by flowing water; which are highly scale-dependent 
processes. In this study, we used four different representations of a 4.4 ha experimental 
catchment with the most complex representation preserving the channel network detail as 
observed in the field.  Our objective was to determine whether it is possible to identify the 
relative contributions of sediment entrainment by raindrop impact and by flowing water.  We 
used a distributed catchment model (KINEROS2) and a multiplier parameter identification 
approach to preserve the spatial variability of the runoff-erosion process. We found that as 
geometric complexity decreased, the ability to model sediment yield decreased, while runoff 
could still be modeled effectively.  Furthermore, as geometric complexity decreased more 
entrainment by raindrop impact was required, while less entrainment by flowing water was 
required to simulate sediment yield.   

 
INTRODUCTION 

 
In recent years, distributed catchment models based on hydrodynamic principals have 
successfully been used to model runoff and sediment yield on small plots (e.g. Lopes and Lane, 
1990), and runoff on small catchments (Goodrich, 1990; Lopes and Lane 1990).  However, 
successful applications of runoff-erosion models on small catchments are few (Wicks and 
Bathurst, 1996; Jetten et al., 1999; Smith et al. 1999).  The hydrodynamic approach to runoff-
erosion modeling offers a number of benefits over more empirical methods.  One of the major 
benefits is that, these models can be used to describe response to a single event, because they 
describe the physics of water and sediment movement on a catchment.   In contrast, the most 
widely used empirical method for estimating soil loss [the Universal Soil Loss Equation - USLE 
(Wischmeier and Smith, 1978)] can be used to estimate annual soil loss, but not to describe 
erosional processes on an event basis.  In addition, the USLE does not describe detachment by 
flowing water, or consider the subtractive effect of infiltration on overland flow.   Another 
benefit of physically based distributed runoff-erosion models is the potential to describe where 
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and when erosion and deposition occur (Nearing et al., 1994).  Furthermore, physically based 
distributed runoff-erosion models have the potential to describe the movement of sediment-borne 
contaminants, and the effect of management practices (Jensen and Mantoglou, 1992) and climate 
change (Hawkins et al., 1991) on erosion and sediment yield.   
 
Typically, the hydrodynamic approach to runoff-erosion modeling recognizes two distinct 
sediment entrainment processes on a hillslope: sediment entrainment by raindrop impact 
(sometimes called rainsplash erosion), and entrainment by flowing water.  Entrainment by 
flowing water also occurs in rills and channels.  One problem that arises with this approach is 
that it may be impossible to identify the relative contribution of these two processes to the 
sediment measured at the outlet of a small catchment.  
 
Parameter identification is an automated process by which model parameters are identified (or 
calibrated).  It comprises the following three major components: (1) an objective function that 
determines how well model estimates fit the observed data, (2) a search algorithm that selects 
possible parameter values to compare, and minimize or maximize an objective function, and (3) 
a means to determine if the selected parameter values are physically realistic.  Researchers have 
found that for sediment entrainment some search algorithms and objective functions work better 
than others (Freedman et al. 1998), and that some types of sediment entrainment equations have 
more identifiable parameters than others (Freedman et al. 2001). 
 
A difference between this study and previous studies is that this study uses observed data from 
an experimental catchment rather than data from rainfall simulators on small plots.  This study 
further differs from previous studies in that it begins with a spatial representation of the 
catchment that includes all the channel network complexity as observed in the field up to and 
including the rills on hillslopes.   We chose to use this representation in an attempt to minimize 
the potential effect of process-scale interaction by using a field-identifiable measure of process 
scale (i.e. the location on the catchment where flow entrainment processes are dominant enough 
to incise the hillslope producing a rill). 
 
Entrainment by flowing water and entrainment by raindrop impact are scale-dependent 
processes, and as such we hypothesized that simplifying catchment geometry may affect the 
relative fluxes of these two processes needed to predict sediment yield on a small catchment.  
We started with a catchment representation that included all the rills observed in the field, and 
then simplified the representation.    
 
The objective of this study was to (1) determine the effect of simplification of channel network 
complexity on parameter identifiability, and (2) determine the ability of a distributed event based 
catchment model to predict runoff and sediment yield under simplifying catchment geometric 
representations. 
 
Study Area 
 
The study was conducted on a 4.4 ha experimental catchment (Lucky Hills 104) located within 
the Walnut Gulch Experimental Watershed in southeastern Arizona and operated by the United 
States Department of Agriculture – Agricultural Research Service (USDA-ARS) Southwest 
Watershed Research Center in Tucson, Arizona. The 149 km2 Walnut Gulch Experimental 
Watershed is representative of approximately 60 million hectares of brush and grassland found 
throughout the southwestern United States. 
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Vegetation on the catchment is creosote bush and acacia, which are typical increasing species on 
rangelands in the southwestern United States. Hydrology and scale issues related to runoff have 
been studied extensively on this catchment (Goodrich et al., 1995; Faures et al., 1995; Goodrich 
1990).  Yitayew et al. (1999) studied erosional processes on Lucky Hills 104 using RUSLE 
(Renard et al. 1997).  Some results of sediment yield modeling on Lucky Hills 104 are described 
elsewhere (Canfield, 1998).  Sediment yield modeling has also been studied on the paired 
catchment Lucky Hills 103 (Lopes, 1987).  
 

METHODS 
The KINEROS2 Model 
 
KINEROS2 (Smith et al. 1995; Smith and Quinton 2000), is a distributed runoff-erosion model 
based on Hortonian overland flow theory, and therefore, well-suited for describing the 
hydrodynamics of runoff and erosional processes on semiarid catchments, where infiltration rates 
are low, and rainfall is infrequent but intense.  Studies have shown that KINEROS2 has 
performed well in estimating sediment yield in comparison to other models (Smith et al. 1999).  
The model allows for spatially variable rainfall input, channel transmission losses, and spatial 
variability of catchment characteristics (soils, slopes, vegetation, etc.).  Catchment geometry is 
represented in KINEROS2 as a combination of overland flow plane and channel elements with 
plane elements contributing lateral flow to the channels or to the head of first order channels 
(Figure 1a).  Each plane may be described by its unique parameters, initial conditions, and 
precipitation inputs.  Runoff is treated in KINEROS2 with a one-dimensional kinematic-wave 
approximation to the full dynamic continuity equation applicable to both overland flow and 
channel flow: 
 

δA/δt + δ(Q)/δx = qL(x,t)         (1) 
 
where qL = local rate of lateral inflow [L2T-1],  A = local cross-sectional area of flow [L2], Q = 
local discharge [L3T-1], t = time from start of runoff [T], and x = distance in the direction of flow 
[L].  Equation (1) is combined with a normal flow relation for local velocity v(h).  Solution of 
equation (1) is then obtained by a four-point finite difference method. Channel segments may 
receive uniformly distributed but time-varying lateral inflow from adjacent contributing 
overland-flow planes on either or both sides of the channel, or from one or two channels at the 
upstream boundary, or from a plane at the upstream boundary.  Infiltration is calculated 
interactively with runoff calculations, to simulate infiltration losses during recession flow, when 
rainfall has ceased, or to simulate runoff advancing down an ephemeral channel. 
 
Sediment entrainment and transport on hillslopes and channels is treated as an unsteady, one-
dimensional convective transport phenomenon, using a continuity equation similar to that for 
runoff (Eq. 2): 
 

δ(cA)/δt + δ(cQ)/δx = φs(x,t)         (2) 
 
where φs = Σφsi = sediment flux [ML-1T-1], and c = sediment concentration [ML-3].  A flow reach 
is conceptualized as a string of computational elements of length Δx, linked sequentially to one 
another via the mechanism of flow and sediment transport. Sediment concentration in 
KINEROS2 is calculated using the Engelund and Hansen (1967) transport capacity relationship. 
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Figure 1b illustrates the sediment entrainment and deposition processes as simulated in 
KINEROS2.   
 
Sediment flux on a hillslope is composed of two independent sources, raindrop-induced 
entrainment qr [ML-1T-1], and flow-induced entrainment qf [ML-1T-1] (Eq. 3).   
 

φs = qr + qf          (3) 

 
Figure 1– 1a.) Plane and Channel Representation:  Hillslopes in KINEROS2 are represented as 
a series of cascading planes.  Channels are represented as trapezoidal troughs. 1b.) 
Representation of the sediment entrainment by raindrop impact and flowing water simulated in 
KINEROS2  
 
Sediment entrainment by raindrop impact is described by the following relationship (Eq. 4): 
 
 qr = Kii2e-mh            (4) 
 
where, Ki = parameter describing the susceptibility of the soil particles to be detached and 
entrained by raindrop impact, i  = rainfall rate [LT-1] m = parameter describing the attenuation 
effect of flow depth on rainfrop impact.  Flow-induced sediment entrainment for a particle size 
(i) is treated as the net difference between simultaneous entrainment qei [ML-1T-1], and 
deposition qdi [ML-1T-1] (Eq. 5): 
 

qfi = qei – qdi          (5) 
 
Deposition rates for a particle size class (i) is assumed to be directly estimable from particle 
settling velocity vsi [LT-1] and sediment concentration (Eq. 6): 
 

qdi = wvsiCi          (6) 
 
in which w = flow width [L].  Sediment contributions to a channel element from surrounding 
hillslopes are treated as either an upper boundary condition or distributed lateral inflow. 
 

1a 
1b 

In filtra tion

R ainfa ll

Flow

1a 
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Catchment Representation and Initial Parameter Estimates 
 
The general approach used to obtain initial spatial estimates of parameter values for KINEROS2 
was to gather data on the landscape form and materials and relate these to hydrologic and 
erosional processes.  Specifically, landscape form was characterized using topographic surveys 
to produce a 2.5m x 2.5m DEM, and the materials on the landscape were characterized using soil 
particle size analysis. Initial estimates of sediment entrainment parameters were based on the 
spatial variability of particle size data. The raindrop-impact entrainment parameter was estimated 
from Ks values using the methods described by Ben-Hur and Agassi (1997) who provide several 
different equations based on the kinetic energy of raindrops for the original WEPP model (Lane 
et al. 1987). The details of this parameterization are described elsewhere (Goodrich, 1990; 
Canfield, 1998). 
 
The result of these initial parameter estimation techniques is to produce parameter values on a 
2.5m x 2.5m grid cell scale.  These grid cell estimates can then be averaged for parameter 
estimates for hillslope and channel model elements. We used the TOPAZ DEM processing 
program (Garbrecht and Campbell, 1997) to produce four spatial representations of Lucky Hills 
104.  The most complex representation was based on field-identified channel heads and included 
all channels identifiable in the field.  The upslope contributing source area varied from about 90 
square meters to 350 square meters and had an average upslope contributing source area of about 
200 square meters (Figure 2a).   The least complex representation had a contributing source area 
(CSA) of approximately 5000 square meters (Figure 2d).  Two intermediate levels of complexity 
with contributing source areas of 1200 square meters (Figure 2b) and 500 square meters (Figure 
2c) were also used.  These scales were selected because KINEROS and KINEROS2 have been 
shown to effectively reproduce hydrographs using this range of complexity on the Lucky Hills 
104 catchment, though different runoff parameters are required for each complexity (Goodrich, 
1990; Canfield, 1998).   Six events with good sedigraphs and hydrographs are available for 
parameter identification from the 1980s.   These events are summarized in Table 1. 
 

 

Date 
 

Rainfall
(mm) 

 

Runoff 
Volume 
(mm) 

 

Peak 
Discharge
(mm/hr) 

Hydrograph 
Model Efficiency

200 m2 CSA 

Hydrograph 
Model Efficiency

5000 m2 CSA 

Peak Sediment
Discharge 

(Kg/s) 
 

30-Jul-85 24.4 3.5 18.7 0.98 0.98 1.72 
6-Aug-88 25.3 5.5 29.4 0.99 0.99 6.14 
25-Aug-84 12.4 1.8 12.0 0.95 0.97 2.13 
10-Sep-83 26.9 3.9 19.7 0.97 0.98 1.55 
11-Sep-82 24.0 7.9 35.9 0.98 0.97 3.32 
20-Sep-83 18.1 2.2 16.3 0.93 0.93 0.45 

Table 1 - Event Characteristics and Hydrograph Model Efficiencies for Six Events Used for 
Parameter Estimation.  Note that there is virtually no degradation in the hydrograph fit in using 
the less complex catchment representation (5000 m2 CSA). 
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Figure 2 – Channel network Representations:  The most complex case (2a), has a mean 
contributing source area (CSA) of 200 square meters, reflecting the channel network complexity 
observed in the field.  The least complex channel network complexity (2d) is the least complex 
representation at which simulated hydrographs fit observed hydrographs well, and has a 
contributing source area of 5000 square meters.  Figures 2b and 2c show intermediate 
complexities with contributing source areas of 500 and 1200 square meters, respectively. 
 
 

2d 

CSA ~ 200 m2  CSA = 500 m2 

CSA = 5,000 m2 CSA = 1,200 m2 

2a 2b

2c 2d
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The Parameter Identification Process 
 
Rather than estimating distributed parameter values, the parameters were adjusted up or down by 
multiplying the spatially distributed initial parameter values by a multiplier (Figure 3).  In this 
approach parameter identification was done in a two-step process.  Parameters for hydrology 
were identified first, and once these were selected, parameters for sediment were identified. For 
hydrology, multipliers for Manning’s n, Ks and the coefficient of variability of Ks (CVks) were 
used as fitting parameters. 

Ki1 = 85 s. 

Ki1’= MSp *85

Ki2 = 90 s.

Ki2’= MSp *90

Adjust the Multiplier 
for Raindrop Impact 
(MSp) to improve 
simulation while 
preserving spatial 
variability

Ki3 = 115 s.

Ki3’= MSp *115

 
Figure 3 – The Multiplier Approach Used in KINEROS2.  Parameters are calibrated by 
multiplying all elements by a single multiplier, therefore maintaining the spatial complexity 
observed in the field while constraining the free parameter dimensional space. 
 
The multiplier for raindrop-induced sediment entrainment is (Eq.7): 
 
 qr =MSp*Kii2e-mh         (7) 
 
where, MSp = multiplier for raindrop-induced sediment entrainment.  This description implies 
that a new value of Ki (e.g. Ki’) is simply a linear multiple of the original Ki. The multiplier for 
sediment entrainment by flowing water is (Eq.8): 
 
  qfi =βiw(MTC*cmx(i)-cs(i))         (8) 
 
where, MTC = multiplier on sediment concentration determined by transport capacity, βi = 
erosion rate coefficient for particle size class (i), w = width of flow, cmx(i) = sediment 
concentration at transport capacity for particle size class (i), and cs(i) = sediment concentration for 
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particle size class (i) entering the node. 
 
While the SCEUA automatic parameter identification technique (Duan et al., 1992) was used, the 
primary means of identifying the parameter values was the two-dimensional error response 
surface generated by the search algorithm.   Essentially, the SCEUA is a search algorithm, that is 
an extension of the simplex method (Nelder and Mead, 1965).  The primary benefit to the 
SCEUA over the standard simplex method is that it is better able to find a global minimum, 
when there are multiple minima in the sample space.  The SCEUA has been found to be a useful  
technique for complex parameter identification problems in distributed hydrologic modeling  
(Eckhardt and Arnold, 2001).   
 
For both runoff and sediment, the observed value for each measured time was compared with the 
simulated value for that time.  In this way, the full hydrograph or sedigraph was fit, rather than 
simply optimized for peak or runoff volume.  Both the total sum of squared residuals (TSSR) and 
the Nash and Suttcliffe (1970) statistic were used as objective functions.  The total sum of 
squared residuals objective function (TSSR) required fewer shuffling loops to find the optimum 
parameter set than the Nash and Suttcliffe (1970) objective function, and was, therefore, selected 
for this study.  

RESULTS 
 
Canfield and Lopes (2001) have shown that only larger events sufficiently activate both the 
flow–induced sediment entrainment and raindrop impact induced entrainment in order to identify 
the fluxes from these two sources. For the sedigraphs, one event displayed identifiable 
characteristics (August 6, 1988), which was the event that produced the most sediment of all the 
six events used in this study.   With the total sum of squared residuals, the larger events will tend 
to dominate the determination of error more than the smaller events.   The error response surface 
for all six events for the most complex catchment representation is dominated by the August 6, 
1988 event.  The multiplier for raindrop impact (MSp) is 2.1 and the multiplier for concentration 
determined by transport capacity (MTC) is 2.75.  A twofold increase in raindrop impact is 
reasonable considering that raindrop impact entrainment coefficients can vary by an order of 
magnitude using the infiltration-based estimates used to parameterize the raindrop impact 
component of the model (e.g. Ben-Hur and Agassi, 1997).   
 
In this case, the error response surface tends to be “flat,” but highly pitted in the region of the 
minima.  The high degree of pitting was not observed when synthetic data were used, suggesting 
that the pitting can be a function of input, output and structural errors in the model.   As such the 
location of the minimum may be different for another data set from the same catchment, and 
interpreting the best fit as “optimal” under-represents the degree of uncertainty in the estimate. 
As the catchment complexity is decreased, the error response surface shows a decrease in the 
flow-induced entrainment multiplier, and an increase in the raindrop-impact induced entrainment 
multiplier (Figure 4).  Furthermore, as complexity is decreased, the TSSR at the minimum 
increases, indicating that simplification of the catchment geometry significantly reduces the 
ability of the simulation to describe the observed sediment-yield process (Table 2).  The 
corresponding Nash-Suttcliffe statistic for each catchment complexity is shown in Table 3. 
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CSA 200 m2 500m2 1200 m2 5000 m2 
Splash Multiplier  (M Sp) 2.1 1.41 3.10 5.62 
Transport Capacity Multiplier (M TC) 2.75 5.12 1.35 1.29 

Total Sum of Squared Residuals at Minima  5.01 6.61 13.89 18.51 
 
Table 2 – The Multipliers and Total Sum of Squared Residuals at the Minimum: Note that error 
increases as catchment geometric complexity decreases. 
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Figure 4 -- Error Response Surface for Four Catchment Geometric Representations: The lines 
represent a contour of Total Sum of Squared Residual (TSSR) 20 (kg/s)2 above the optimal fit 
given by the dot. The most complex representation is blue (200m2 CSA), while the least complex 
is green (5000 m2 CSA) and the intermediate representations are black (500 m2 CSA) and brown 
(1200 m2 CSA). (The contours have been smoothed to limit the effect of pitting.)  
 

CSA 200 m2 500m2 1200 m2 5000 m2 

Date 
Efficiency at 

Minima 
Efficiency at 

Minima 
Efficiency at 

Minima 
Efficiency at 

Minima 
30-Jul-85 0.71 0.88 0.77 0.79 
6-Aug-88 0.96 0.91 0.89 0.68 
25-Aug-84 0.56 0.38 0.59 0.60 
10-Sep-83 0.86 0.66 -2.40 -1.31 
11-Sep-82 0.51 0.45 0.33 0.41 
20-Sep-83 0.81 0.60 -1.37 -7.08 

 
Table 3 – The Sedigraph Model Efficiency for Each Event for Each Model Complexity.  The 
simulations from the most complex geometry have much improved model efficiencies than the 
less complex geometries. 
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DISCUSSION AND CONCLUSIONS 

 
While catchment geometric representations of Lucky Hills 104 with CSAs varying between 200 
m2 and 5000 m2 can be used to model runoff, sediment yield estimates become poorer as more 
simplified representations of the catchment are used.  Between CSAs of 500 m2 and 1200 m2 the 
ability of the model to produce simulations like the observed degrades as indicated by an 
increase in the total sum of squared residuals (TSSR). As channel network complexity decreases, 
the multiplier on entrainment by raindrop impact needs to be increased at the expense of the 
multiplier on transport capacity in order to produce the same amount of sediment.  In part, the 
systematic decrease in the transport capacity multiplier is due to the fact that simplification 
removes concentrated flow areas from the catchment representation.  The total area of the 
channels in the most distributed case is about 780 square meters, while in the least distributed 
case the total area of channels is about 450 square meters; a decrease of 42 %.  The entrainment 
by raindrop impact component must be increased on hillslopes because channels are being 
removed from the catchment representation. 
 
While simplification to a contributing source area of 5000 m2 does not adversely affect complex 
hydrograph simulations, simplification greatly reduces the ability of the model to simulate 
complex sedigraphs as illustrated for the September 20, 1983 event (Figure 5).  
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Figure 5 - Effect of catchment geometric representation on simulations of complex sedigraphs as 
illustrated for the September 20, 1983 event. 
 
The study indicates that reducing catchment geometric complexity reduces the capability of the 
model to simulate observed sedigraphs.  Furthermore, in order to make up for reduced sediment 
from channels that are modeled as hillslopes in less complex geometries, the contribution from 
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raindrop impact needs to be increased at the expense of the contribution from entrainment by 
flowing water.  Additional experimental data are needed to further evaluate these conclusions. 
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SIMULATION OF MEANDERING CHANNEL MIGRATION PROCESSES  
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Jennifer G. Duan, Assistant Research Professor, Division of Hydrologic Sciences, 
Desert Research Institute, 755 E. Flamingo Road, Las Vegas, NV 89119. Tel: 702-
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Abstract. Meandering channel migration is a natural process that causes bank erosion 
and land loss, endangers navigation safety, and damages water quality. This process 
essentially is dominated by the complicated interaction between flow, sediments, and 
bank material.   This paper reports the development of an enhanced two-dimensional 
numerical model for the simulation of alluvial channel geomorphic processes. The model 
consists of a depth-averaged two-dimensional hydrodynamic model, a non-equilibrium 
sediment transport model, and a bank erosion model. The effect of secondary flow was 
taken into account by including an empirical function of secondary velocity profile. A 
few laboratory experiment cases including suspended sediment dispersion, meandering 
channel migration, and sediment sorting were chosen to verify this model. The reasonable 
agreements between simulation results and measurements indicated that this model is 
valid for simulating the complicated meandering migration processes where the 
secondary current and bank erosion have a significant impact on channel geomorphic 
processes.  
 

INTRODUCTION 
 
  Flow passing through meandering channels is obviously of three-dimensional nature 
because of the secondary flow which is a transverse circulation induced by the centrifugal 
forces (Anwar 1986; Bathurst et al. 1977, 1979, 1981; Thorne and Hey 1979). 
Measurements by Rozovskii (1957) and De Vriend (1979, 1980, 1981) have shown that 
the secondary flow near the water surface moves toward the outer bank, and that near the 
bed moves toward the inner bank.  The mean flow velocity profile was found much flatter 
than that predicted by the logarithmic law: flow is slower near the surface and faster near 
the bottom than those predicted by the Log Law (De Vriend, 1981). Also, the shear force, 
which has the same direction as the local flow close to the bed, deviates slightly from the 
direction of the mean flow (Engelund, 1973).  

 
A three-dimensional hydrodynamic model is required to accurately simulate flow in 

meandering channels. Recently, quite a few three-dimensional models have been 
developed by Wang (1990), De Vriend (1980), and Shimizu (1990) to simulate flow field 
in meandering channels. When dealing with the practical engineering problems such as 
alluvial morphology processes, it is not computationally efficient to use three-
dimensional models. Instead, researchers (Ikeda 1986; Smith 1984; Howard 1984; Nelson 
1989; Johanesson 1985, 1989a,b; Odgaard 1989a,b; Crosato 1990; Shimizu 1989; Yeh 
1993a,b) were applying two-dimensional models to simulate a meandering channel flow 
field. Among them, the depth-averaged Navier-Stokes equations were solved numerically 
by using finite element technique in Shimizu's (1989) model, others solved the simplified 
depth-averaged Navier-Stokes equations, which are obtained through the order of 
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magnitude analysis after dividing the total velocity into two components: cross-sectional 
mean velocity and perturbation velocity (Parker 1976; Johannesson 1989a,b).  As has 
been recognized by Johannesson (1989b) that the momentum transfer due to the 
secondary flow is inadequately accounted for by the depth-averaged models, various 
empirical functions have to be introduced in these models to approximate the secondary 
flow velocity close to the bed.  

 
The empirical relations given by Engelund (1973) and Shimizu (1989) are only valid 

for the prediction of the transverse component of velocity near the bed. The method of 
Yeh (1993) is similar to that of Odgaard (1989a), in which the distribution of the 
transverse component of velocity is linear, and is related to its value at the free surface. 
Odgaard (1989a) obtained the transverse component of velocity by evaluating the 
momentum equations at the water surface. Yeh (1993a) obtained it by solving the 
moments of momentum equations.   

 
  The hydrodynamic model of this enhanced two-dimensional model is based on the 

solution of the depth-averaged flow continuity and momentum equations where flow 
density varies with the concentration of suspended sediment. The depth-averaged 
convection and diffusion equation was solved to obtain the concentration of suspended 
sediment. Since the traditional depth-averaged hydrodynamic model is not accurate 
enough to characterize the secondary current in a channel bend, an empirical function of 
the secondary flow was employed to take into account its effect. This improved flow field 
solution allows the simulation of bed load and suspended load transport with a non-
equilibrium method. In the meantime, bed load, suspend load, and bed material are 
treated as mixed-grain-sized sediments instead of the one with a uniform size. The 
computation of bed degradation and aggradation is based on the two-dimensional 
solution of mass conservation equation within the bed load layer.  This sediment transport 
model is capable of predicting hydraulic sorting, bed armoring, and the exchange of 
suspended load, bed load, and bed material. In addition, bank erosion due to hydraulic 
forces is taken into account for the computation of retreat/advance of bank lines. To 
verify this model, a few laboratory experimental cases were chosen. Reasonable 
agreements between simulated results and measurements showed that the model is 
feasible for simulating suspended sediment dispersion, meandering channel migration, 
and sediment sorting in meandering channels.    

 
FLOW SIMULATION 

 
The governing equations for the flow simulation are the depth-averaged Reynolds 

approximation of the momentum equations (Eqs.1 and 2) and flow and sediment 
continuity equations (Eqs.8 and 9).  In contrast with the conventional depth-averaged 
momentum and continuity equations, the density of sediment-laden flow was considered 
as a temporal and spatial variable and it changes with the concentration of suspended 
sediment (Eq.3). The density of sediment-laden flow being treated as a variable has the 
advantages to 1) incorporate the impact of sediment deposition and erosion from bed 
surface on suspended sediment concentration profiles; 2) couple the effect of sediment 
concentration on flow hydrodynamic field; 3) broaden the model’s applicability to highly 
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concentrated sediment-laden flow; and 4) potentially include temperature effect on the 
distribution of suspended sediment by including a conceptual model between temperature 
and viscosity of the sediment-laden flow. The sediment-laden flow governing equations 
are highly recommended for alluvial channels carrying considerable amounts of silt and 
clay sediment. The additional terms relating to the gravitational acceleration of 
concentration need to be included in the momentum equations as showed in Eq.1 and 2.  
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where U is the depth-averaged total velocity; u and v are the depth-averaged velocity 
components in the x and y directions, respectively; t is time; C  is the concentration of 
suspended sediment; 0,, ρρρ sm  are the densities of sediment-laden flow, sediment 
particles, and clear water, respectively; 0ρρρ −=Δ s ;ζ  is the surface elevation; h is 
flow depth; g is the acceleration of gravity; n is Manning’s roughness coefficient; 

yyyxxxxy ττττ and,,,  are Reynolds stress terms; bybx ττ and  are the friction shear stress 
terms in the x and y directions, respectively; and tν  is the eddy viscosity. In this version, 
the parabolic eddy viscosity model is adopted. The depth-averaged eddy viscosity is 
obtained as 
 

huCA sxyt *κν =                                                                    (4) 
 
in which 
 

∫ =−=
1

0 6
1)1( ζζζ dCs                                                           (5) 

 
where  is shear velocity and*u κ is the Von Karman’s constant. 
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The velocity profile of the secondary flow is assumed to be linear. The profile of the 

secondary flow (Odgaard, 1989) was adopted in this model. 
 

)
2
1(2 −+=

h
zvvv s                                                                   (6) 

 
where v, v , and  are the transverse velocity, the depth-averaged transverse velocity, and 
the transverse velocity at water surface, respectively. z is the vertical coordinate. The 
shear stress generated by the secondary flow at the bottom can be obtained as 

sv

 

R
u

dz
dvu nn μμρτ 0.142

* ===                                                       (7) 

 
The total shear stress in the transverse direction can be decomposed into the 

components in the x and y directions. In addition to the shear stress resulting from the 
secondary flow at the bottom, according to the assumption of the secondary flow profile, 
shear stress at the free surface is not equal to zero, which has the same magnitude as the 
one at the surface but in the opposite direction.  The shear stress at the free surface was 
included in the momentum equations to solve for the velocity field. 

 
Flow and Sediment Continuity Equations 
 

The flow depth and the concentration of suspended sediment were obtained by solving 
the continuity equations (Eqs.8 and 9) for sediment-laden flow and suspended solids, 
respectively.  
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where cσ  is the turbulent Schmidt number for the pollutant concentration, which 
represents the ratio of eddy viscosity to eddy diffusivity.  A value of 5.0=cσ  has been 
found suitable in previous calculations of pollutant spreading in an open channel (Rastogi 
and Rodi, 1978). Ye and Morquoqueau (1992) have used 15.0=cσ  in their model.  In 
this study, 02.0=cσ  was found suitable when the parabolic eddy viscosity model was 
adopted.  
 

SEDIMENT TRANSPORT MODEL 
 

The sediment transport model includes the simulation of suspended load and bed 
load and the erosion and deposition of sediment on the bed or near the banks. For 
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suspended sediment simulation, the depth-averaged convection and diffusion equation 
was solved to obtain the depth-averaged sediment concentration. Then, the sediment 
concentration near the bed was calculated by assuming sediment concentration profile 
satisfying the Rouse (1938) formula.  Since the local and equilibrium sediment 
concentration near the bed are not equal, the suspended sediment transport needs to be 
treated as a non-equilibrium process. The deficit between the local and equilibrium 
sediment concentration is the rate of deposition and erosion from the channel bed.  As to 
the bed load transport, the bed load transport rate is not equal to the equilibrium bed load 
transport rate obtained from the specific bed load transport function. The adoption length 
was employed in the mass conservation equation within the bed load layer to calculate 
the non-equilibrium bed load transport rate. The mass conservation equation of bed load 
was solved to calculate the bed elevation change in which the change of bed elevation 
does not only depend on the gradient of bed load transport but also the rate of deposition 
and erosion. 
        

BANK EROSION SIMULATION 
 

Both basal erosion and bank failure were included in the calculation of bank erosion 
process. The flow-induced shear stress acting on the bank surface was obtained by 
solving the longitudinal momentum equation near the bank. The rate of basal erosion is 
proportional to the shear stress and decreases with the increasing of critical shear stress of 
bank material. Bank failure is a probable phenomena and its frequency is related to the 
frequency of bankful discharge (Duan, 2001). The advance and retreat of bankline were 
obtained by solving the mass balance equation near the bank, including not only the 
sediment input from bank erosion/failure, and sediment storage on the bed due to 
deposition, but also sediment fluxes transported into and out of the near-bank region. 
 

MODEL VERIFICATIONS 
 

To verify the capability of the developed model, a set of experimental data on bend 
flow conducted by de Vriend (1981) and three sets of experimental data by Chang (1971) 
were adopted herein.  In addition, the developed model is applied to simulating the 
meandering channel-developing processes. 
  
Flow In Mildly Curved Bend (De Verind, 1981) 
 

In the de Vriend (1981) experiment, the channel consists of 1.7m-wide flume having 
a U-shaped ground plan, with a horizontal bottom and vertical sidewalls. The radius of 
the curvature of the flume-axis in the bend is 4.25 m and the upstream and downstream 
straight reaches have an effective length of about 6 m. The discharge at the inlet is 

; the averaged velocity is 0.202 m/s, and the averaged flow depth is 0.1953 
m. The computational mesh is 

/sm0825.0 3

4923× , a time interval sec0.2=Δt , and the logarithmic 
law at the sidewalls was used in the numerical simulation. The simulation reach consists 
of the U-bend and the effective straight reaches at the upstream and downstream of the 
flume. The upstream boundary condition was the inflow discharge per unit width, and the 
downstream boundary condition was the measured flow depth. Figure 1 is the 
comparison of the simulated and measured velocity. Figure 2 is the comparison of 
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simulated and measured water surface elevation. Both results showed very reasonable 
agreements with the measurements, which verifies the performance of the hydrodynamic 
model. 
 
Pollutant Dispersion in Meandering Channels 
 

Chang (1971) investigated the dispersion of pollutants in meandering channels and 
measured the concentration field in a series of laboratory experiments. During his 
experiment, the flow discharge had a constant value of 0.65 l/s. The longitudinal slope of his 
flume is 0.0032. The width of the flume was 23.0 cm. The simulated concentration and 
depth-averaged velocity field were compared with the measurements in Figs. 3, 4, 5, and 6. 
The results indicated that the simulated concentration and velocity field were very close to 
the measured data. For the testing of the momentum redistribution due to the secondary 
flow, pollutant sources were released at the center, the left, and the right bank of the 
meandering channel, respectively. The close agreements between the simulated and 
measured concentration field showed that the model has successfully taken into account the 
secondary flow effect. Additionally, these results verified the model’s capability for the 
simulation of pollutant dispersion in meandering channels. 
 
Meandering Channel Migration 
 

To further explore the model's capability, the developing processes of a sine-
generated meandering channel were simulated. The physical flow experiment was 
conducted by Silva (1995) in a sine-generated channel with an initial angle of . The 
discharge of the flow was 2.10 l/s, and the width of the channel was 0.4 m. The total 
length of the simulated channel was 7.29 m. However, the platform change of the channel 
was not conducted in the physical experiment. In the numerical simulation, it was 
assumed that the bed was composed of sediment mixtures and bank was composed of 
uniform sediment with . Channel width was constant. The simulated 
results of meandering channel developing process are plotted in Figs.7 and 8, in which 
the alternate bars and pools are clearly shown in the channel. As time progresses, sand 
bars gradually migrate downstream with the increasing amplitude and wavelength of the 
meandering channel. In the meantime, sediments deposited at sand bars are much finer 
than that in the pool region. 
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Figure 1. Comparison of Simulated and Measured Velocity 
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Figure 2. Comparison of Simulated and Measured Surface Profiles 
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Figure 3. Simulated Flow and Concentration Field 

 

Figure 4. Comparison of Simulated and Measured Depth-averaged Velocity and 

Concentration Field 
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Figure 5. Comparison of Simulated and Measured Depth-averaged Velocity and 

Concentration Field 

 

Figure 6. Comparison of Simulated and Measured Depth-averaged Velocity and 

Concentration Field 
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Figure 7. Meandering Channel Migration Processes: Bed Elevation Change  

 

 

 

 

 

 

 

 

 

 

Figure 8. Meandering Channel Migration Processes: Sediment Size Distribution 
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CCHE2D NONUNIFORM SEDIMENT TRANSPORT MODEL 
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Abstract: The CCHE2D model simulates the non-equilibrium transport of nonuniform total-load 
sediment.  Three different non-equilibrium approaches are used to handle the cases where 
sediment moves mainly as bed load, mainly as suspended load or as full total load. The bed load 
and suspended load are calculated separately or jointly.  The non-cohesive sediment transport 
capacity is determined by four formulas, such as Wu, Wang and Jia’s formula, the SEDTRA 
module, the modified Ackers and White’s formula and the modified Engelund and Hansen’s 
formula. All the four transport capacity formulas account for the hiding and exposure effects 
among different size classes. The movable bed roughness is calculated by van Rijn’s formula, 
Wu and Wang’s formula, or is specified by the user according to the available measured data. 
The influence of secondary flow on sediment transport in curved channels is taken into account 
by modeling the transport angle of bed load and the dispersion terms in suspended-load transport 
equation. Two different approaches are used to simulate the cohesive sediment transport with 
weak and strong cohesive properties. Flocculation, erosion, deposition and consolidation of 
cohesive sediment are considered in the simulation. The governing equations are discretized by 
the finite volume method in curvilinear grid. The flow and sediment transport are simulated in a 
decoupled way, but a coupling procedure is adopted for the three components of sediment 
module: sediment transport, bed change and bed material sorting. The model has been tested in 
several experimental and field cases. The simulated sediment concentration, channel erosion and 
deposition patterns, and bed material armoring properties are in good agreement with the 
measured data.  
 
 

INTRODUCTION 
 
Suspended load transport occurs mostly at a non-equilibrium state and is usually simulated by 
non-equilibrium transport models. However, most of the existing sediment transport models 
adopt the assumption of local equilibrium when simulating bed load transport.  Recent studies on 
the spatial and temporal lags of bed load transport show that the non-equilibrium transport model 
for bed load is needed in many cases, such as strong erosion and strong deposition, especially 
under unsteady flow conditions. The CCHE2D implements a full non-equilibrium transport 
model for total load (bed load plus suspended load).  Three different non-equilibrium approaches 
are proposed to handle the cases where sediment transport occurs mainly as bed load, mainly as 
suspended load, or as full total load, respectively. 
 
The flow and sediment in a two-phase system always interact with each other, but the 
calculations of flow and sediment were fully decoupled in early development stages. In recent 
years several coupled models have been reported. A fully coupled model is usually more stable 
than a decoupled model.  However, establishing a fully coupled model requires solving all the 
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flow and sediment transport equations simultaneously. The nonlinearity of flow problem may 
reduce the efficiency of sediment transport simulation that can be mathematically described as a 
linear problem. In addition, the time scales of flow movement and the channel morphodynamic 
process may be significantly different, especially in case that bed load is dominant. Therefore, 
fully coupling the flow and sediment transport may not be cost-effective. The CCHE1D channel 
network model (Wu and Vieira, 2000) adopted a semi-coupling procedure, which decouples the 
flow and sediment calculations but couples the nonuniform sediment transport, bed change and 
bed material sorting. This semi-coupling procedure is very stable and cost-effective. It is 
extended to CCHE2D sediment transport model in this paper. 
 

GOVERNING EQUATIONS AND BOUNDARY CONDITIONS 
 
The CCHE2D nonuniform sediment transport model is implemented with a FVM-based 
hydrodynamic model, which solves the depth-averaged 2-D shallow water equations using the 
finite volume method on a non-staggered, curvilinear grid. It uses SIMPLE and SIMPLEC 
procedures with the Rhie and Chow’s (1983) momentum interpolation technique to handle the 
pressure-velocity coupling, by which the spurious check-board node-to-node numerical 
oscillation can be eliminated. The SIP (Strongly Implicit Procedure, Stone, 1968) or the TDMA 
(Tri-Diagonal Matrix Algorithm) solver is employed to solve the discretized algebraic equations. 
This FVM-based hydrodynamic model will be published in a companion paper. Introduced in 
this paper is only the CCHE2D nonuniform sediment transport model. 
 
Governing Equations: The CCHE2D nonuniform sediment transport model simulates the total 
load transport by three approaches. When sediment moves mainly as bed load or mainly as 
suspended load, the total load is lumped as bed load or suspended load, respectively. For the case 
between, the total load is separated as bed load and suspended load. In the approach of separately 
simulating bed load and suspended load, the governing equations are described below:  
 
Sediment Transport Equations: The suspended-load transport is determined by the advection-
diffusion equation 
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where U and V are the depth-averaged flow velocities in x- and y-directions; h is the flow depth; 
 is the depth-averaged concentration of kth size class of suspended load;  is the depth-

averaged suspended-load concentration under equilibrium conditions or the suspended-load 
transport capacity; 

skC ksC ∗

sε  is the diffusivity coefficient of sediment; α is the non-equilibrium 
adaptation coefficient of suspended load; skω  is the settling velocity of sediment particles; t is 
the time. 
 
The bed-load transport is calculated by the non-equilibrium transport equation: 
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where δ is the thickness of bed-load zone; bkc  is the average concentration of bed load at the 
bed-load zone; bxα  and byα  are direction cosines of bed load movement, which are usually 
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assumed to be along the direction of bed shear stress, but are adjusted when taking into account 
the influence of the secondary flow in curved channels;  is the actual transport rate of kth size 
class of bed load;  is the bed-load transport capacity; L is the adaptation length of bed-
material load. 

bkq

kbq ∗

 
The transport capacities of bed load and suspended load are determined by empirical functions, 
which can be written as general forms: 
 ( )∗

∗ = skbkks CpC ;   ( )∗
∗ = bkbkkb qpq  (3) 

where  is the bed material gradation in the mixing layer; bkp ( )∗
bkq  and  are the potential 

transport capacities of kth size class of bed load and suspended load. 
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Equation of Channel Morphological Change: The bed change is determined by 
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where  is the porosity of bed material; p′ tzbk ∂∂  is the bed change rate. 
 
Equation of Bed Material Sorting: The bed material gradation usually varies on the vertical, so 
the bed material above the non-erodible layer is divided into several layers. The top layer is the 
mixing layer, in which the variation of bed material gradation is determined by  
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where mδ  is the thickness of the mixing layer, which is related to the flow and sediment 
conditions as well as the bed deformation; tzb ∂∂ /  is the total bed deformation rate, 

∑ =
∂∂=∂∂

N

k bkb tztz
1

; N is the total number of size classes;  is  when *
bkp bkp

0// ≤∂∂−∂∂ tzt bmδ , and  is the bed material gradation in the subsurface layer when *
bkp

0// >∂∂−∂∂ tzt bmδ . 
 
Boundary Conditions and Initial Conditions: In the depth-averaged 2-D simulation of 
sediment transport, the inflow sediment discharge must be given at each inlet boundary node. For 
sediment transport under unsteady conditions, the time series of inflow sediment discharge is 
needed. In case of nonuniform sediment transport, the size distribution of the inflow sediment is 
also needed. 
 
On bank boundaries and other kind of fixed boundaries, such as islands, the bed-load transport 
rate is set to be zero and the gradient of suspended-load concentration on the normal direction of 
the boundary is set as zero, i.e.,  

 0=bkq ;   0=
∂
∂

n
Csk  (6) 

where n is along the normal direction of the boundary. 
 
At the outlet boundary, the calculation of bed load does not need boundary condition in 
principle. The gradient of suspended-load concentration along the flow direction is set to be zero: 
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where s is the flow direction at the outlet boundary. 
 
The required initial conditions include the initial channel geometry and the initial bed material 
gradation.  The initial bed material gradation must be given for the simulation of nonuniform 
sediment transport. Information on the bed material gradation under the bed surface layer is also 
needed, if available. The initial bed material gradation is particularly important for scouring and 
channel stability analysis, but it is less important in case of deposition. 
 

NUMERICAL METHODS 
 
The suspended-load transport equation (1) and the bed-load transport equation (2) are discretized 
by the finite volume method in curvilinear grid. The convection terms in Eq. (1) are discretized 
by the hybrid upwind/central difference scheme, the exponential difference scheme, the QUICK 
scheme or the HLPA scheme. The convection terms in Eq. (2) are discretized by the first-order 
upwind scheme or the QUICK scheme. The discretized equations are solved by the SIP solver or 
the TDMA solver that is used in the flow model.  
 
The equations of bed change and of bed material sorting in the mixing layer are discretized by 
finite difference schemes in time. The bed material gradation in Eq. (3) is treated implicitly, 
following the approach proposed by Wu (1991) and Wu and Vieira (2000). The equation set 
consisting of the discretized suspended-load transport equation, bed-load transport equation, bed 
change equation and bed material sorting equation are solved simultaneously in an iteration 
form, which results in a coupling procedure for nonuniform sediment transport, bed change and 
bed material sorting. The advantages of this coupling procedure were discussed in detail by Wu 
and Vieira (2000). It is very stable and has sound physical merits. However, the sediment 
transport computation is decoupled with the flow computation, in order to simplify the solution 
procedure. 
 

EMPIRICAL FORMULAS OF SEDIMENT TRANSPORT 
 
For a complete computation of sediment transport, the sediment transport capacity, non-
equilibrium adaptation length and movable bed roughness (optional if the measured Manning’s n 
available) need to be determined by empirical formulas and methods. 
 
Non-cohesive Sediment Transport Capacity: From dozens of formulas for the fractional non-
cohesive sediment transport published in last decades, four formulas or module are selected for 
the CCHE2D model by considering the evaluation of many investigators and the capability of 
accounting for the hiding and exposure effect as well as by testing with many experimental and 
field data (see Wu and Wang, 2001). These four formulas are the modified Ackers and White’s 
formula (Proffit and Sutherland, 1983), the SEDTRA module (Garbrecht, Kuhnle and Alonso, 
1995), Wu, Wang and Jia's (2000) formula, and the modified Engelund and Hansen's (1967) 
formula (Wu and Vieira, 2000). The user can choose the most appropriate method for the site-
specific study. 
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Non-Equilibrium Adaptation Length L and Coefficient α: The non-equilibrium adaptation 
length L characterizes the distance for sediment to adjust from a non-equilibrium state to an 
equilibrium state. L is a very important parameter in the present model, but it has been given 
significantly different values by different researchers. Wu, Rodi and Wenka (2000) and Wu and 
Vieira (2000) discussed the non-equilibrium adaptation length in detail. In the CCHE2D model, 
the non-equilibrium adaptation length is given different values for bed load, suspended load, 
bed-material load and wash load. 
 
The non-equilibrium adaptation length for bed load is related to the dimensions of sediment 
movements, bed forms and channel geometry. It takes the value relating to the dominant bed 
form or channel geometry, such as the alternate bar length in natural channels, the sand dune 
length in laboratory flumes, and etc. 
 
The non-equilibrium adaptation coefficient of suspended load, α, is calculated with Arminini and 
de Silvio's (1988) method, from which values of α are usually larger than 1. However, in 
practice, α has been given dramatically different values, mostly less than 1, by many researchers.  
Han et al. (1980) and Wu and Li (1992) suggested α=1 for strong scour, α=0.25 for strong 
deposition, and α=0.5 for weak scour and deposition.  The α was given very small values such as 
0.001 in the Yellow River (Wei, 1999) and the Rio Grande River (Yang et al., 1998), in which 
sediment concentration is higher, and rapid erosion and deposition occur often.  Therefore, α is a 
user-specified parameter in the CCHE2D model. After the α is determined, the adaptation length 
of suspended load, , is determined by sL sks UhL αω= . 
 
The non-equilibrium adaptation length of bed-material load is set to be the maximum value of 
the non-equilibrium adaptation lengths of bed load and suspended load. Because the net 
exchange between wash load and channel bed is usually negligible, the non-equilibrium 
adaptation length for wash load is set to be infinitely large. 
 
Movable Bed Roughness: The Manning’s coefficient n can be specified by the user according 
to the measured data. If measured data are not available, the Manning’s n can be determined by 
Van Rijn’s (1984) formula or Wu and Wang’s (1999) formula. 
 
Influence of Secondary Flow in Curved Channels: In order to account for the influence of the 
secondary flow on the suspended-load transport in curved channels, dispersion terms are added 
to Eq. (1). These dispersion terms originate from depth-averaging the corresponding three-
dimensional equation. They are evaluated by assuming the log distribution of main flow velocity 
on the vertical and determining the secondary flow velocity using Odgaard’s (1986) approach. 
The influence of the secondary flow on bed-load transport is taken into account by adjusting the 
direction cosines of bed load movement in Eq. (2). 
 
Settling, Erosion, Deposition and Consolidation of Cohesive Sediment: CCHE2D provides 
two modeling approaches for the simulation of cohesive sediment transport. One approach is a 
simple model that considers only the flocculation of cohesive sediment particles in a sediment 
mixture with dominant non-cohesive portion. The previous non-cohesive sediment transport 
model is still used, with the settling velocity of the flocs being determined by the method of 
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Migniot (1989). This simple approach is applicable in situations of weakly cohesive sediment 
transport. 
 
Another approach is a more complicated model that considers the detailed processes, such as 
flocculation, deposition, erosion, transportation, consolidation, etc., in the case of sediment 
transport with strong cohesive properties. The settling velocity of the flocs is determined by an 
empirical relation that considers the influence of sediment concentration on the settling velocity. 
The deposition rate of the cohesive sediment is determined by Mehta and Partheniades’ (1975) 
and Krone’s (1962) methods. The erosion rate of cohesive sediment is determined by 
Partheniades’ (1965) method. The consolidation process of sediment deposit is simulated, with 
the variation of dry density of bed material in time being determined by Lane and Koelzer’s 
(1953) method. 
 

MODEL TESTS 
 
The CCHE2D nonuniform sediment transport model has been tested in several experimental and 
field cases (Wu, 2001), including Wang and Ribberink’s (1986) experiment of net deposition at 
bed, Seal et al’s (1995) channel aggradation experiment, Ashida and Michiue's (1971) channel 
degradation experiment and etc. It has been shown that the CCHE2D model can simulate the 
channel erosion and deposition as well as bed armoring processes with very good accuracy and 
reliability. Reported here are two further tests using the data measured in Saiedi’s (1997) channel 
degradation experiment and in the East Fork River under unsteady flow conditions.  
 
Case 1: Saiedi’s (1997) Experiment of Channel Degradation under Unsteady Flow. Saiedi 
(1997) performed the experiment to study the channel degradation process under unsteady flow 
conditions. The test section of the flume was 18m long and 0.61m wide, with sides glass-
paneled. At the beginning, the flow and sediment conditions were maintained at a steady state 
with a constant flow discharge of 0.137m3/s, a flow depth of 0.285m and a slope of 0.001 as well 
as a constant sediment discharge. The equilibrium state was then cut off and the degradation 
began. The incoming flow discharge and the outlet water level were controlled as Fig. 1.  The 
sediment used was of fairly uniform size with the median diameter of 2mm, the specific gravity 
of 2.6 and the porosity of 0.37.  
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Fig. 1  Flow Boundary Conditions of Saiedi’s Experiment 
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The computational grid has 38 cross sections in longitudinal direction. The time step is 1 minute. 
The simulated and measured erosion depths after 75 minutes and 150 minutes are shown in Fig. 
2. The agreement between simulation and measurement is better at time 75 minutes than at time 
150 minutes. The general pattern is reasonably well predicted. 
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Fig. 2  Comparison of Measured and Calculated Erosion Depths in Saiedi’s Experiment 
 
 
Case 2: Unsteady Flow and Sediment Transport in the East Fork River. The East Fork River 
originates in the Wind River Range of Wyoming, west of the Continental Divide and east and 
south of Mt. Bonneville. The study reach was 3.3 km in length and terminated downstream at a 
bed-load trap constructed across the river. Most of the precipitation occurs as snow. During the 
spring runoff, diurnal fluctuations due to snowmelt through the study reach are characterized by 
a rising stage during the morning, a peak stage at midday, and a falling stage during the 
afternoon. The bed material is predominantly sand, with gravel bars spacing at regular intervals. 
The median grain size of bed material is 1.28mm. The main mode of sediment transport is bed 
load. 
 
The computational mesh consists of 481x36 cells. The simulation period was 17 days from June 
2 to June 18, 1979. The time step was 60 minutes. The measured time series of flow and 
sediment discharges at the inlet and water surface elevation at the outlet were specified as 
boundary conditions. Fig. 3 shows the simulated water surface contours at a flow discharge of 
14.6 m3/s, and Fig. 4 shows the simulated flow pattern in a part of the study reach at this flow 
discharge. The blanked parts are the dry lands. It is shown the flow model can handle the drying-
and-wetting problem very well. Figs. 5 and 6 show the comparison of the calculated and 
measured time series of water surface elevation at the inlet and of flow discharge at the outlet, 
respectively, which are reasonably in good agreement with measured data.  
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Fig. 3  Simulated Water Surface Contour (Blanked are dry lands) 
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Fig. 4  Simulated Flow Pattern in the Middle of the Study Reach 
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Fig. 5  Comparison of Measured and Simulated Water Elevations at the Inlet 
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Fig. 6  Comparison of Measured and Simulated Flow Discharges at the Outlet 
 
 
Fig. 7 compares the simulated and measured bed-material load discharges at the outlet of the 
study reach. In the calculation, the sediment transport capacity was determined by Wu et al.’s 
(2000) formula, and a value of 100m was used for the non-equilibrium adaptation length. 
Considering the difficulties in the measurement and prediction of sediment transport, the 
simulated results in Fig. 7 are generally reasonable. 
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Fig. 7  Comparison of Measured and Simulated Sediment Discharges at the Outlet 
 
 

CONCLUSIONS 
 

The CCHE2D model is capable of simulating unsteady flow and nonuniform sediment 
transport in rivers, considering the hiding and exposure effects among size classes. It can 
therefore handle the bed armoring phenomenon very well. It calculates the non-equilibrium 
sediment transport using three approaches depending on sediment transport mode. It can 
simulate non-cohesive and cohesive sediment transport. Multiple options for sediment transport 
modeling enable CCHE2D to be widely applied to solve practical engineering problems. The 
model has been tested in several experimental and field cases. The simulated sediment discharge, 
channel erosion and deposition patterns in time and space are in good agreement with the 
measured data.  
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INTRODUCTION 

 
Erosion is a three part process consisting of a sequence of events, whether it is rill, interrill, or 
channel erosion (only upland interrill erosion is considered here).  First, soil particles are 
detached from the soil surface and made available for transport, and second, the detached 
particles are transported.  The third part, deposition, may occur on land surfaces, within 
channels, or at any point where channel flow is greatly reduced.  Rainfall with runoff is the 
primary cause of erosion, accounting for approximately two-thirds of surface erosion, while wind 
caused erosion accounts for the remainder (Brady, 1990).  Erosion and sediment transport are 
complex processes.  The availability of sediment for transport is strongly dependent upon 
detachment of particles that, in turn, may be dependent upon several other factors, such as soil 
properties and rainfall.  
 
Le Bissonnais (1996) lists 4 mechanisms of soil aggregate breakdown and detachment. 
Breakdown by compression of trapped air, or slaking, breakdown by differential swelling, 
physico-chemical dispersion, and mechanical breakdown due to raindrop impact.  Mechanical 
breakdown due to raindrop impact occurs in combination with other factors when the kinetic 
energy of raindrops is high enough.  (There has been much work done on the mechanics and 
effects of raindrop impact on soil erosion, for example, Ellison, 1945; Al-Durrah and Bradford, 
1982; Nearing and Bradford, 1985; Hairsine and Rose, 1991; Proffitt et. al., 1991; Kinnell, 
1993). 
 
It has been the general consensus that raindrop impact serves to increase erosion rates.  However, 
this may not always be the case.  Imeson and Kwaad (1990) report evidence that raindrop impact 
has little effect on dry soils.  Raindrop impact can cause a loss of clay particles from the soil 
surface leaving an armoring layer, or “shield” (Heilig et al. 2001) that can lead to a reduction in 
soil particle detachment and perhaps lower erosion rates.  Li and Abrahams (1999) demonstrated 
that transport capacity of laminar interrill flow on low slopes is enhanced by rainfall on slopes 
less than 4.70, with no effect on steeper slopes.  They also found (see also Meyer and Monke, 
1965) that raindrop impact increases erosion rates at low Reynolds numbers, but for Reynolds 
numbers approaching the turbulent flow regime (Re→2000) raindrop impact suppressed erosion 
rates.   
 
The important point regarding the effects of raindrop impact is that, despite the fact that our 
understanding of the mechanisms of detachment and transport (by splash) by raindrop impact is 
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extensive, our understanding of the relationship between detachment by raindrops and transport 
by overland flow is still incomplete.  It is the uncertainty evident in this relationship that limits 
our ability to model it correctly.  And this raises the question:  is the uncertainty due to a lack of 
understanding on our part, or is it inherent to the physical processes of erosion? 
 
Modeling upland erosion.  The importance of understanding and predicting movement of soil 
and sediment over the land surface has led over the years to a proliferation of attempts at 
modeling erosion and sediment transport.  Models have been developed from a number of 
different approaches, e.g., from purely empirically based approaches to a mix of theoretical, 
physical, process, and empirical approaches (Wischmeier and Smith, 1965; Dillaha and Beasley, 
1983; Nearing et. al., 1989; Nearing, 1991; Lei et. al., 1998; Morgan et. al., 1998; Ogden and 
Heilig, 2001).  A detailed review of such attempts is beyond the scope of this paper. 
 
CASC2D was used to model erosion data from the 21.3 km2 USDA-ARS Goodwin Creek 
Experimental Watershed in northern Mississippi where precipitation, runoff, erosion and other 
variables have been continuously monitored for over 20 years.  While CASC2D performed 
adequately in some instances, there is a need to improve the model especially as it pertains to 
overland erosion and sediment transport.  At gaging stations near the watershed outlet, 
incorporating all or most of the watershed area, simulated sediment runoff volume is nearly 
equal to the observed values (Ogden and Heilig, 2001).  However, the model overestimates 
sediment runoff volume by as much as 520% at the gauging station with the smallest 
contributing area (Ogden and Heilig, 2001).  Additionally, the model performs poorly for large 
events. 
 
It appears that the model is less effective at predicting sediment volumes at gaging stations 
where overland sediment sources and transport are dominant (e.g., interior gaging stations), as 
compared with those stations where channel processes dominate.  That is, at gaging stations in 
larger catchments, water travels for a longer period of time and greater distance within channels 
than at stations in smaller catchments.  Therefore suspended sediment concentrations at stations 
in smaller catchments are more likely to be from overland sources than in larger catchments. 
 
It is believed that the overestimates in the smaller catchments are as a result of erosion being 
detachment limited for these events.  The model assumes that the sediment concentration in 
overland flow is always at the transporting capacity of the flow.  If erosion is detachment limited, 
so that the transport capacity is not reached, the model will tend to overestimate sediment 
concentrations.  This can be tested by looking at the effects of rainfall erosivity on sediment 
loads with an emphasis on some of the smaller catchments in the watershed.  An estimate of 
rainfall erosivity may be obtained by using the observed rainfall data, which is readily available 
for Goodwin Creek, and calculating the kinetic energy of events.  (Erosivity is defined as the 
ability of erosive agents, such as rain or wind, to cause soil detachment and transport, while 
erodibility provides a measure of the soil’s susceptibility to detachment and transport by an 
erosive agent, such as rain (Lal and Elliot, 1994).)  The purpose of this study is to investigate 
reasons why the model is deficient with a goal to make improvements to the model.   
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METHODS 
 
Goodwin Creek data set.  Hydrologic data collected from the 21.3 km2 Goodwin Creek 
Experimental Watershed (GCEW) located near Batesville, MS by the USDA-ARS National 
Sedimentation Lab are used in this study.  Goodwin Creek has been continuously monitored 
since 1981 (see Alonso (1996) for a description of the watershed).  Data from 1981-1996 are 
used here.  Precipitation data are taken from over 30 tipping bucket type rain gages located in 
and around the watershed.  Channel discharge measurements are made at V-shaped engineered 
control structures that define the outlet of each of 14 sub-basins within the watershed.  
Suspended sediment concentrations are measured by fine sediment load samples (particle 
diameter < 0.062 mm) at the control structures with automatic pumping samplers. 
 
Calculation of kinetic energy.  The kinetic energy of rainfall from the observed precipitation 
data is calculated using the unit energy relationship of Brown and Foster (1987).  The relation for 
kinetic energy as a function of rainfall intensity is given by 

[ )exp(1max rbiaee −−= ]

]

              (1) 
where emax is maximum unit energy as intensity approaches infinity, and a and b are coefficients.  
Brown and Foster recommended the following 

[ )05.0exp(72.0129.0 rr ie −−=              (2) 
where er has units of MJ/(ha-mm of rainfall), and ir has units of mm/hr.   
 
To calculate total kinetic energy for a given rain event (KE) at a particular rain gage, the 
following relationship is used. 

                 (3) ∑
=
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where = total kinetic energy for the event (MJ/ha) for rain gage x and ΔVr = depth of 
rainfall for the rth increment consisting of m parts with constant rainfall intensity (mm). 
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The data that is available for Goodwin Creek is in form such that ir is calculated directly from 
observed rainfall data, along with er from (2).  The KEevent  for gage x is calculated using 
equation (3).   
  
The average KE for the event over the entire sub-basin is calculated using the Theissen polygon  
method where 
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or, written more concisely 
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where i = gage number and N = number of gages in basin, and the area of the basin is 
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The calculated  is used in the statistical analysis with observed data for event peak 
sediment discharge, total event volume of sediment, peak runoff, and total event volume of 
runoff.   

event
aveKE

 
Model improvement.  Results from the data analysis are used to develop an additional source 
term for upland erosion that is dependent upon the kinetic energy of rainfall.  To model kinetic 
energy, the following relation is used 

δγKEqs =              (7) 
where qs is unit sediment discarge (m3/m-s), and γ and δ are parameters.  The data is analyzed to 
determine the exponent by linearizing equation 7, which becomes 
 )ln()ln()ln( γδ += KEqs            (8) 
The natural logarithm of qs is plotted as a function of ln(KE) and a linear regression is performed 
where δ is the slope and γ the y-intercept.  The factor γ represents the effects of land use/land 
cover and soil type on the impact of kinetic energy and so will be separated into two components 
γ1 and γ2.  Morgan et. al. (1998) report that the effects of kinetic energy as a function of depth of 
overland flow decrease as a function of e-2h, where h is depth of flow.  The formulation used for 
detachment from kinetic energy is  

h
s eKEq 2

21
−= δγγ             (9) 

where δ is determined by data analysis, the values of γ1, dependent upon land use/land cover, and 
γ2, dependent on soil type, will be determined during model calibration. 
 
The source term for sediment discharge is expressed as a sum of overland flow and kinetic 
energy of rainfall (see Ogden and Heilig (2001) for details of the approach taken in CASC2D).  
Preliminary results indicate a marked increase in model performance, however it would be 
premature to report any results at this point. 
 

RESULTS 
 

The relationship between the total kinetic energy (KE) in MJ/ha for the event and the total event 
volume of sediment volume (m3) per unit area (km2) (sed-vol) at the gaging station 1, 
incorporating the entire watershed area, is shown in figure 1.  (Station 10, had numerous 
problems and was non-functional for much of the time period in question (Bingner, personal 
communication), and, in fact, the station was removed from operation several years ago.  
Therefore, basin 10 is not included in the analysis here.)  The relationship between total volume 
of runoff per unit area (m3/km2) (ro-vol) for each event and the total sediment volume per unit 
area (m3/km2) is shown in figure 2.  Both figures 1 and 2 indicate an increase in total sediment 
volume with increasing KE and runoff volume.  Figure 3 shows the correlation coefficients (r) 
for each basin for the relationships between KE and sediment volume/area and ro-vol and 
sediment volume/area.  The correlations coefficients for the relationship between event KE and 
sed-vol and those for the relationship between ro-vol and sed-vol are very similar throughout the 
watershed.  Total event sed-vol is more highly correlated with ro-vol than event KE for all sub-
basins except basins 8 and 9, though the difference is slight.  Sub-basin 11 shows the lowest 
overall correlation between KE and sed-vol. 
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 Figure 1.  Relationship between event kinetic energy (MJ/ha) and total event sediment volume per area 
(m3/km2) for entire watershed. 
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Figure 2.  Relationship between total event runoff (m3/km2) and total event sediment volume per area 
(m3/km2) for entire watershed. 
 
Correlation analysis reveals that there is a threshold value of KE around 0.5 MJ/ha above which 
event sediment volume per unit area shows a stronger correlation with KE and a weaker 
correlation for events with KE < 0.5 MJ/ha (see figure 4).  This also seems evident from the 
increased scatter below this value seen on figure 1. 
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Figure 3.  Correlation coefficients for the relationship between total event KE (MJ/ha) and sed-vol  (m3km-2), 
and between ro-vol (m3km-2) and sed-vol for each basin. 
 
For all basins, there is an increase in correlation between sed-vol and event KE for events with 
KE > 0.5 MJ/ha as compared with events with an event KE < 0.5 MJ/ha.  For correlations 
between runoff and sediment, there is only a slight increase in values of r for most sub-basins for 
events with KE > 0.5 MJ/ha.  Using a threshold value of 1 MJ/ha, the degree of difference in r 
for sed-vol and event KE for KE > 1 and KE < 1 is not as great as it is for a threshold of 0.5 
MJ/ha.  As the threshold value is raised, the differences in correlation coefficients for KE > 
threshold and KE < threshold become smaller and less consistent throughout the basins. 
 
The ratio of 30 minute peak KE to total event KE (K*) is used as a measure of the time period of 
peak energy of the storm relative to the total storm duration.  As K* approaches 1, the total event 
KE occurs in a smaller period of time, so large values of K* represent storms of shorter duration 
and lesser runoff.  (A K* value of 1 indicates a storm where all the rainfall occurred within the 
same 30 minute period.)  The correlation coefficients for event KE—sed-vol are greater for K* < 
0.1 than for K* > 0.9 (with the exception of basin 9), while the reverse is the case for ro-vol—
sed-vol.  Note also that all events with the greatest sediment yields were for events with values of 
K* between 0.1 and 0.5 (see figure 5). 
 
The data shows relatively weak correlations between the peak sediment discharge and the other 
independent variables, total event KE, peak KE, K*, and peak runoff.  Of these, the strongest 
correlation is shown between runoff and peak sediment discharge (r = 0.86).  So while it seems 
clear that there is some relationship between peak sediment discharge and runoff, which is to be 
expected, the data do not allow for any probable conclusions to be drawn.  The peak sediment 
discharge may be dependent on a more complicated and perhaps dynamic interaction between 
storm energy and overland flow.   
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Figure 4.  Correlation coefficients showing the relationship between total event KE (MJ/ha) and sed-vol 
(m3km-2) and the relationship between ro-vol (m3km-2) and sed-vol for events with KE > 0.5 MJ/ha and for 
events with KE < 0.5 MJ/ha. 
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Figure 5.  Total event sediment volume/area (m3km-2) plotted as a function of the ratio of 30-minute peak KE 
(MJ/ha) to total event KE (MJ/ha) (K*).  

 
Grissinger, et. al. (1991) have demonstrated that up to 75% of the fine sediment recorded at 
stations 1 and 2 are from channel sources.  This is likely the case at the majority of the other sub-
basins as well (Bingner, personal communication.).  However, it is likely that a greater amount 
of the fine sediment recorded at stations on the smaller sub-basins are from upland sources.  
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Basins 9, 11, and 12 are small sub-basins, with areas of 0.17, 0,58, and 0.30 km2 respectively, 
where it is much more likely that fine sediment concentrations are from upland sources.   
 
Overall for all events on basin 11 there is a weaker correlation between event KE and the 
sediment volume per unit area than the correlations shown for basins 9 and 12 (see figure 3).  On 
a year by year basis, there is some fluctuation in mean sed-vol (figure 6), mean ro vol/, and mean 
KE.  The mean event sediment volume/area for basin 11 mirrors the pattern of the mean 
runoff/area, which is consistent with the higher correlations found between runoff volume/area 
and sediment volume/area on this basin.  Land use and land cover is very uniform over the 15 
years of data collection.  In comparison to basins 9 and 12, basin 11 has the least amount of 
pasture and the most idle land.  This could be significant since idle land is least disturbed and 
vegetation is relatively well established thus reducing the effects of raindrop impact.  It seems 
clear that sediment discharge is more strongly influenced by runoff on basin 11 than by KE, and 
that fluctuations in sediment values cannot be attributed to event KE.  The variation in the mean 
sediment volume/area for basis 11 is less than for basins 9 and 12.  Therefore it is likely that 
erosion is reduce, and variation in sediment discharge is reduced, on basin 11 as a result of a 
reduction in the effects of raindrop impact and a reduction in the amount of detachment by 
rainfall.  Erosion is detachment limited on this basin. 
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Figure 6.  Mean total event sediment volume (m3ke-2) shown on a yearly basis (e.g., from October 1, 1981  to 
September 31, 1982).  Bars show the standard deviation in the positive direction. 
Basin 9 shows the greatest mean sediment volume/area of the 3 sub-basins, and it also shows the 
greatest amount of variation in both sediment discharge and runoff.  The variation is likely a 
result of the smaller size of the basin which would make it more likely to manifest the variability 
of rainfall both spatially and temporally.  Given that the variation in mean event KE over all the 
basins is uniform, it seems significant that basin 9 manifests the greatest variation.  It is likely 
that the response observed in the channel in this sub-basin is due a greater influence of upland 
sources of runoff and sediment.  Basins 5 and 3 show a decrease in sediment volume/area 
compared with basin 9.  Basin 9 is nested within basin 5 which is in turn nested in basin 3.  The 
reduction in sediment volume/area is indicative of the occurrence of channel storage between 

 8



station 9 and 5 and 3.  It was observed in the field that there was a significant amount of fine 
sediment within the main channel just upstream of  station 3.  Much sediment was deposited 
beneath an overpass and upon some vegetated bars within the main channel. It is highly probable 
that basin 9 shows a more direct response in the channel to upland sediment sources than any 
other basin within the watershed.  The primary land use on basin 9 is pasture, with some 
cultivation in some years.  There is some change in land use over the years, but there is no 
indication that land use changes had any effect on sediment yields or influenced the observed 
effects of kinetic energy.  
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Figure 7.  Bar graph showing mean total event sediment volume per area  (m3ke-2) shown on a monthly basis, 
values are on the left axis.  Whiskers show the standard deviation in the positive direction.  Line graph 
showing the mean monthly runoff per area (m3/km2), values on the right axis. 
Figure 7 shows the monthly data for basins 9, 11, and 12 and provides a good look at some of the 
seasonal differences in rainfall, runoff, and sediment discharge within Goodwin Creek.  Mean 
kinetic energy is uniform throughout the watershed and it shows an increasing trend through the 
summer with the mean highest energy storms occurring in July, September, and October.  Basin 
9 seems to show the greatest response to seasonal differences in cover and rainfall, and, as shown 
above, seems to show the most direct response to upland sources of sediment.   
 
Basin 9 is used in the analysis of equation 8 above since it is the basin that shows the most direct 
response to upland sources of both runoff and kinetic energy.  Various data sets are used that 
show the greatest correlation between event kinetic energy and total event sediment volume per 
unit area.  Table 1 shows the results from several data sets.  Values of the exponent on the KE 
term, δ, vary from 0.5 to 1.5.  Morgan et. al. (1998) use a similar relation for sediment discharge 
and KE and use a value of 1.0 for δ.   
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Table 1.  Results from linear regression of equation 8 (see Methods) for various data sets on sub-basin 9.  
Shown are the values obtained for delta, the correlation coefficient (r) for the relation between ln(qs) and 
ln(KE), R2 value for the line of best fit, and sample size (n).  

Data set δ r R2 n 
1983 0.954 0.861 0.741 30 
1984 0.869 0.844 0.712 29 
1985 0.807 0.807 0.651 22 
1986 0.486 0.653 0.426 19 
1993 0.606 0.663 0.440 16 
1994 1.188 0.848 0.719 18 
1995 0.746 0.891 0.794 5 
1996 1.454 0.856 0.733 16 

February 0.905 0.666 0.444 44 
May 1.277 0.779 0.607 31 

KE > 0.5 1.317 0.637 0.406 298 
 

DISCUSSION AND CONCLUSIONS 
 
It is evident that as the majority of the storm's energy is concentrated into a smaller time period,  
sediment volume per unit area decreases.  As the bulk of the storm's energy is concentrated into a 
smaller time period, the duration of the events are shorter, the total runoff is less, and there is less 
water available to transport sediment that may have been detached by raindrop impact.  The most 
productive storms occur when there is enough energy from raindrops to detach soil particles and 
enough runoff to transport the sediment to channels.  This is consistent with the two part process 
of erosion, detachment by rainfall and transport by overland flow.  For storms of high energy, or 
with energy occurring over a longer duration of the event, sediment loads show an increased 
dependence on the kinetic energy of the event and a reduced dependence on total runoff for the 
event.  While for lower energy events and more intense events, with total storm energy occurring 
in a briefer period of time, there is a reduced dependence of sediment loads on kinetic energy and 
an increased dependence of sediment loads on total runoff volume.  For events with relatively 
high energy and lower runoff volumes, there may be enough energy to detach particles from the 
soil but there may not be enough overland flow (or rill flow) to transport the sediment into the 
channels (transport limited erosion).  While for smaller less intense events, there may not be 
enough energy to detach soil particles, therefore more runoff is needed to increase sediment 
loads since detachment by raindrop impact plays a less significant role (detachment limited 
erosion)—hence the increased correlation between sediment loads and runoff. 
 
During the winter months, there is greater runoff, and higher correlations are seen between 
sediment volume/area and event KE than for sediment volume/area and runoff.  Conversely, the 
growing season shows lesser runoff but slightly higher correlations between sediment volume 
per unit area and runoff than in winter.  This is indicative of a greater contribution to detachment 
of sediment from raindrop impact in the winter, when rain is more likely to hit bare ground from 
lack of vegetative cover, and a greater dependence on transport in the summer when runoff may 
be limiting.  In the winter there is an abundance of runoff, so there is a greater amount of 
transport capacity available to carry sediment to the channel.  However, due to cohesion of soil 
particles, the detachment of soil particles by overland flow is not as affective as it would be on 
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unconsolidated material.  Therefore, detachment of particles by raindrop impact is more likely to 
be the primary controlling mechanism of upland erosion.  In the summer, there is less runoff and, 
so, less transport capacity to carry sediment to the channel.  There will likely be a similar 
proportional contribution of overland flow to the detachment of soil particles in the summer.  
And since there tend to be higher energy storms in the summer months, there will still be 
detachment from raindrop impact (or throughfall) despite the increase in vegetative cover.  
However, since there is less transport capacity—in these cases it is more likely that the process is 
transport limited, i.e., sediment concentration in flow will likely be at transport capacity—there 
will be an increase in correlation of sediment discharge with runoff and slight decrease in 
correlation between sediment discharge and event KE.  Assuming this interpretation is correct, it 
is still not possible to draw definitive conclusions about the causal mechanisms acting between 
kinetic energy and upland erosion, i.e., what is limiting detachment in upland areas?  Field and 
plot scale studies are needed to further assess the effects of kinetic energy on particle 
detachment. 
 
It can be concluded that detachment processes are a vital component to the erosion process in the 
GCEW and have a significant effect on the fine sediment concentrations recorded in the channel 
gaging stations.  These findings support the importance of the dynamic interaction of detachment 
and overland flow in the upland erosion process in Goodwin Creek, and illustrates the 
importance of a separate accounting of both processes, which is not done in the original 
formulation in CASC2D.  Events which have sufficient energy and sufficient runoff will lead to 
the greatest erosion and greater amount of sediment discharged in the channels.  The data are 
consistent with the interpretation that the erosion component of CASC2D fails to take into 
account the effects of kinetic energy and detachment processes and performs poorly on events 
that may have relatively high runoff volumes but lack the energy to cause the large volumes of 
sediment predicted by the model.   
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SEDIMENTATION STUDY OF THE SOUTH DELTA, CALIFORNIA 
 

Cassie C. Klumpp, Hydraulic Engineer, U.S. Bureau of Reclamation, Denver, Colorado 
 
Abstract 
 
Deltas are broad, shallow, alluvial deposits formed where rivers enter lakes or estuaries through 
the natural process of sediment deposition.  Channels in deltas often silt in and change course.  
This process of delta channels filling with sediment, then breaching their banks and forming new 
channels is a natural and ongoing process.  The South Delta is located southwest of Stockton, 
California, and consists of several interconnected waterways of the San Joaquin River.  .  Three 
waterway channels within the study area were selected for sedimentation analysis:  Old River, 
Grant Line Canal, and Middle River. 
 
Three operational scenarios were studied by Reclamation.  The Base condition is the current 
baseline condition, which has no flow control structures in any of the three waterways (Old 
River, Grant Line Canal, or Middle River).  Plan 1 has proposed permanent flow control 
structures in all three waterways, and Plan 2 is the same as Plan 1, except that it does not include 
permanent flow control structures in Grant Line Canal.       
 
 
This paper will compare theoretical sediment deposition without any flow control structures to 
that of the two different flow control operational cases.  This comparison will help address the 
issue of whether or not there would be an increased problem with sedimentation if these three 
proposed control structures were constructed. 
 

INTRODUCTION 
 

The South Delta is located southwest of Stockton, California, and consists of several 
interconnected waterways of the San Joaquin River.  .  Three waterway channels within the study 
area were analyzed for the addition of flow control structures: Old River, Grant Line Canal, and 
Middle River.  The focus of the study was on sediment deposition in the South Delta.  The South 
Delta is continually depositing and eroding sediment.  The State of California Department of 
Water Resources (DWR) had the following objectives for proposed construction of flow controls 
structures in the delta channels of Old River, Grant Line canal and Middle River: 
 
 • Ιmprove the South Delta hydraulic conditions  
 • Increase diversions into Clifton Court Forebay  
 • Μaximize the frequency of full pumping capacity at Banks Pumping Plant  
 •    Ιmprove water levels and circulation in the South Delta channels for local  
   agricultural diversions.  
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Three operational cases were included in the analysis: 
 
 1. The Base condition is no flow control structures in Old River, Grant Line Canal, or 

Middle River. 
 
 2. Plan 1 is the proposed permanent flow control structures in Old River, Grant Line, and    

Middle River.  
 

3. Plan 2 is the same as Plan 1, except that there would be no permanent flow control 
structure in Grant Line Canal. 

 
The proposed monthly timing of flow control structures is shown in figure 2.  The only 
difference between Plan 1 and Plan 2 is that there would be no permanent flow control structure 
in Grant Line Canal 
 

 

Figure 2- Proposed monthly timing of flow control structures on 
Middle River, Grand Line and Old River for Plan 1.  Plan 2 is the 
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This study will compare theoretical sediment deposition without any flow control structures to 
that of the two proposed flow control operational cases.  This comparison will help address the 
issue of whether or not there would be an increased problem with sedimentation if these three 
proposed control structures were constructed.  However, the South Delta has been modified with 
man made channels and levees, such as Grant Line Canal and pumping stations at the 
downstream end of this network of rivers and channels. The South Delta also has many other 
man-made influences that are not accounted for in this study, including docks and marinas.  
Localized erosion, not accounted for in this general study, can also be aggravated by the wave 
action of local boat traffic. These changes have had an impact on these natural processes. 
 

ANALYSIS METHODS AND DATA REQUIREMENTS 

The primary sediment supply into the South Delta is from the San Joaquin River.  The mean 
daily suspended sediment concentrations and flow measurements reported by the United States 
Geological Survey (USGS) for a gaging site near Vernalis, California, were used to compute the 
daily and annual sediment load (in tons) for the San Joaquin River.  
 
The sediment concentration of the San Joaquin River near Vernalis, California, was assumed to 
be equal for the portion of flow entering the South Delta through Old River.   Although the 
sediment concentrations were assumed to be the same, the sediment loads varied in proportion to 
the discharge of the two channels.  The mean daily-suspended sediment concentration near 
Vernalis, along with the flow data supplied by the DWR, was used in calculating the annual 
sediment load passing river section 54.  This calculated sediment load at section 54 represented 
the sediment load entering the South Delta system (Figure 1).  Annual sediment loads for the San 
Joaquin River were computed and ranked for the period of record (1960-1998).  Five water years 
were selected from this annual sediment load ranking:  1964, 1968, 1979, 1984, and 1980 
(lowest to highest annual sediment load, 10, 25, 50, 75, and 90 percent ranking).  Computed 
sediment transport capacities of these five water years were then compared. 
 
Thirteen cross sections, identified on Figure 1, were used to compute sediment transport 
capacities.  DWR provided hourly, hydraulic-flow data for the five selected water years to 
calculate the sediment transport at the 13 cross sections (Figure 1).  The average hourly flow data 
needed to compute the sediment transport capacities includes the following parameters: 
   

1. Discharge magnitude and flow direction (positive direction is toward the Clifton Court 
pumps and negative direction is flow going away from the pumps)  

2. Energy slope 
3. Velocity 
4. Average depth 

 
Sediment transport capacities were computed for 13 representative river sections of Old River, 
Grant Line Canal, and Middle River for the three different operational cases for particle sizes 
ranging between silt and sand.  Sand size was considered most representative of the bed material 
sizes of the South Delta (0.062 mm).  The sediment transport equation used in computing these 
transport capacities was the 1973 Yang Equation (Yang, 1996).  Sediment concentration is a 
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function of flow velocity (V) and slope (S) (unit stream power VS);  ω,  particle fall velocity;  
and d, particle diameter for the Yang equation. 
 
The vertical sediment deposition or erosion, in feet, was computed by subtracting the upstream 
and downstream sediment transport capacities and dividing the result by the channel length and 
width.  Sediment deposition could either be negative or positive depending on whether 
aggradation or degradation occurred.  The sediment deposition calculated was based on 
theoretical sediment transport capacities from hydraulic model results.  Sediment deposition was 
expressed as a percentage of the water depth with a maximum deposition not to exceed negative 
or positive 70 percent.  Each water year was analyzed based on separate monthly analyses and an 
annual analysis.  Monthly analyses are depicted on the bar graphs, and the annual analysis is 
shown visually for each year on the map representation of the delta. 
 

ANALYSIS RESULTS 

The Base condition, Plan 1, and Plan 2 deposition rates for 1964 and 1968 were almost exactly 
the same and showed deposition only in the entrance to the South Delta (Section 54).  The Base 
condition, Plan 1, and Plan 2 deposition rates for 1979 were only slightly different, showing 
deposition in the entrance segment (54-57, Figure 2), and the flow split (57-60-126).  The 
percentage of sediment deposition as a function of water depth is plotted in figures 3-8.  A 
comparison of sediment deposition for Base 1980, Plan 1-1980, and Plan 2-1980 is shown in 
figures 3-5.  Sediment deposition for water year 1980 was considerably greater than water year 
1979 for all three operational cases in segments 54-57, 57-60-126, and 60-206-63.  The sediment 
transport capacity predicted at 54 and 57 exceeds the supply measured at Vernalis, and it is 
possible that less deposition would occur at this location and move sediment deposition further 
into the delta.  Of the three operational cases, Plan 2-1980 has more sediment deposition in Old 
River, (Segment 63-79) than Plan 1 or the Base condition.  All three operational cases show 
maximum deposition through the entrance to the delta (54-57), the flow split, (60-63-206), and 
through Grant Line Canal.  The largest flow rates in the delta follow this path.  The timing of 
flow control structures in October and November (figure 2) seems to increase and delay sediment 
deposition in Old River and Middle River for Plan 1 and Plan 2 until March.   
 
An assessment of sediment deposition for the Base condition-1984, Plan 1-1984, and Plan 2-
1984 is shown in figures 6-8.  From the examination of these figures, it is evident that all three 
water operations show the same significant deposition for segments 54-57, 57-60-126, 60-206-
63, and 206-212.  The sediment transport capacity predicted at 54 and 57 exceeds the measured 
supply at  Vernalis, and it is possible that less deposition would occur at this location and move 
sediment deposition further into the delta.  Sediment deposition is distributed differently from 
water year 1980.  Greater deposition occurs earlier in the water year because of the flow changes.  
The monthly distribution of sediment deposition (figures 6-8) is delayed in Old River and Middle 
River until November through January because of the effects of the flow control structures in 
October.  Evaluating the monthly distribution of sediment deposition for Middle River and Old 
River for the base condition for 1984, sediment is deposited more evenly in October through 
December. 
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Sediment deposition for 1980 base year
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CONCLUSIONS 

Sediment deposition was computed for all segments of the delta and expressed as a percentage of 
water depth to make it a meaningful relationship.  Sediment deposition is definitely tied to flow 
rates in the channels, and greater water discharge and sediment transport capacity years show 
greater values of sediment deposition.   The predicted sediment transport capacity at the entrance 
to the delta exceeded the measured supply at Vernalis for water years 1979, 1980 and 1984, and 
it is possible that less deposition would occur at this location and move sediment deposition 
further into the delta.  Annual sediment deposition for 1980 and 1984 were very similar for all 
three operational cases.  The interesting result of the study was the delay of sediment deposition 
in Old River and Middle River when the flow control structures are in place for water years 1980 
and 1984.  Sediment deposition was tied to the monthly distribution of flows and the timing of 
the flow control structures, delaying sediment deposition for Plan 1 and Plan 2 until greater 
discharges occurred and the flow control structures were not in operation in Old River and 
Middle River.  Flow control structure placement and effects were not evident in the Grant Line 
Canal because of the large flow rates and timing of flow control structures that occurred in this 
canal.   
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CONCEPTS: A PROCESS-BASED COMPUTER MODEL OF INSTREAM 
HYDRAULIC AND GEOMORPHIC PROCESSES 

 
By Eddy J. Langendoen, Research Scientist, USDA-ARS National 

Sedimentation Laboratory, Oxford, Mississippi 
 
Abstract:  The process-based computer model CONCEPTS simulates the hydraulics in and 
morphology of disturbed stream corridors.  It can be used to predict the evolution of these 
disturbed stream corridors and to evaluate their responses to proposed stream rehabilitation 
designs.  The capabilities of CONCEPTS are illustrated by its application to the Yalobusha River 
in North-Central Mississippi, which has incised after extensive channelization in the 1960s.  
CONCEPTS has shown to accurately depict in-channel and bank processes and channel response 
to the channelization works. 
 

INTRODUCTION 
 
The 1998 national Water Quality Inventory (USEPA 2000) reported that 35% of 0.85 million 
miles of rivers and streams assessed were impaired.  Sediments are the leading source of river 
and stream impairment.  Siltation can alter aquatic habitat with profound adverse effects on 
aquatic life.  Sediments can kill fish directly, destroy spawning beds, and increase water turbidity 
resulting in depressed photosynthetic rates.  Sources of siltation include, among others, 
agricultural and urban landscapes, forestland, and streambanks.  Channelization and floodplain 
development have disturbed many stream systems.  Channels have responded through incision 
and planform adjustment.  Resulting streambank erosion may contribute up to 80% of the total 
sediment eroded from the channels (Simon et al. 1996).  Many federal, state, and local 
organizations are active in restoring damaged channel systems or assessing sediment TMDLs for 
sediment-impaired streams (FISRWG 1998).  A particular challenge we face today is the lack of 
integrated, comprehensive modeling tools to evaluate the long-term response of restored stream-
riparian corridors, and the long-term effectiveness of best management practices (BMPs) for 
instream sediment source reduction. 
 
The CONCEPTS (CONservational Channel Evolution and Pollutant Transport System) 
computer model has been developed to evaluate stream-corridor restoration designs (Langendoen 
2000).  The basic components of the model are channel hydraulics and morphology.  
CONCEPTS simulates unsteady, one-dimensional flow, graded sediment transport, and 
streambank erosion processes.  CONCEPTS has been applied to simulate channel morphology 
and response in diverse environments.  It has been used to study mitigation strategies in incised 
channels with both cohesive and cohesionless bed materials, among others in California, 
Mississippi, Nebraska, and New Mexico.  This paper presents a brief overview of the modeling 
capabilities of the model, and a field application. 
 

HYDRAULICS 
 
Flow Representation:  Computer resources available in today’s engineering offices limit the 
amount of flow detail that can be described in stream systems.  Although, the flow in stream 
systems is three-dimensional, it is necessary to reduce the number of spatial dimensions to two or 
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one depending on the significant processes.  In degraded stream systems the flow primarily 
remains in-channel and, therefore, can be modeled as one-dimensional along the channel’s 
centerline.  While cross-stream variations in flow velocities due to stream curvature or channel 
cross-section geometry may be significant to better approximate the near-bank processes, 
CONCEPTS presently neglects them. 
 
Flow Governing Equations:  Gradually-varying, one-dimensional open-channel flow is 
described by the de Saint Venant equations (de Saint Venant 1871).  They are the continuity and 
momentum equations: 
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where Q is discharge and y is stage are the dependent variables, A is flow area, B is flow top 
width, ql is lateral flow per unit length of channel into the channel (e.g., overland flow or 
subsurface flow), Sf is friction slope, x is distance along the channel centerline, and t is time.  The 
friction slope is obtained from Manning’s equation: 
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where K is conveyance, R is hydraulic radius, and n is Manning roughness coefficient. 
 
Boundary Conditions:  Boundary conditions have to be imposed at the most upstream node of a 
stream corridor, tributary inflows, in-stream structures, and the channel outlet.  Discharge 
hydrographs, , are imposed at the upstream boundary and tributary inflows.  A rating 
curve is imposed at the outlet.  The user can specify a rating curve, , when one is 
available, or CONCEPTS can calculate a loop-rating curve based on local flow conditions 

( )tQQ =
( )yQQ =

( ) ( ) fSyKyQQ == . 
 
Characterization of Instream Hydraulic Structures:  Four types of structures are incorporated 
in the current version of CONCEPTS: culvert, bridge crossing, drop structure, and a generic 
structure.  The latter can be any structure for which the rating curve is available, e.g. a measuring 
flume.  To guarantee an efficient solution method, the mathematical representation of the flow at 
instream hydraulic structures has to be equivalent to that of the channel flow.  CONCEPTS 
employs a continuity and dynamic equation for hydraulic structures, which establish a relation 
between discharges and stages upstream and downstream of the structure (Langendoen 2000). 
 
Numerical Solution Method:  CONCEPTS uses the generalized Preissmann scheme to solve 
the system of governing equations.  Some of the advantages of the Preissmann scheme are: (a) 
the scheme is simple, robust, compact and it has been extensively used; (b) the scheme allows a 
variable spatial grid; and (c) the scheme is implicit in time, which allows for large time steps.  
Many scientists (e.g., Cunge et al. 1980) have documented the numerical behavior of the method, 
involving stability, convergence, and accuracy. 
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The resulting nonlinear system of equations is linearized by rewriting the equations in terms of 
differential changes of flow variables Q and y.  The banded system of equations is then solved 
using the algorithm SGBSVX of the LAPACK software package for matrix computations 
(Anderson et al. 1999).  This algorithm has shown to be more robust than the widely used double 
sweep algorithm. 
 

SEDIMENT TRANSPORT AND BED ADJUSTMENT 
 
Sediment Transport:  Sediment transport rates are a function of flow hydraulics, bed 
composition, and upstream sediment supply.  The composition of the channel bed may change as 
particles are eroded from or deposited on the bed, thereby changing flow hydraulics and 
fractional transport rates.  To model these physical processes, CONCEPTS distinguishes a total-
load transport layer across the water column and one or more layers covering the streambed 
(Langendoen 2000).  Sediment particles exchange between the bed and the transport layer.  
Governing equations for each layer and empirical expressions of the fluxes between the layers 
enable us to compute the fractional sediment transport rates and the variations in bed elevation 
and bed-material composition. 
 
The sediment flux between streambed and overlying fluid not only depends on flow conditions 
and size fractions available in the bed or transported by the flow, but also on interparticle forces 
in the presence of clay particles on the streambed.  The entrainment rate of sediment particles on 
cohesive streambeds markedly differs from that of cohesionless streambeds. 
 
Governing Equations:  Mass conservation of sediment by size fraction is: 
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where u is flow velocity, E is entrainment rate of particles from the bed, D is deposition rate of 
particles onto the bed, qs is rate of sediment inflow from streambanks and fields adjacent to the 
channel, the subscript k denotes the k-th size class, and C is sediment mass defined as: 
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where c is point concentration in ppm by weight, γs is specific weight of sediment, and γ is 
specific weight of water. 
 
Temporal variations in bed-material area Ab are given by 
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where λ is porosity. 
 
For graded bed material the sediment transport rates depend on the bed-material composition, 
which itself depends on historical erosion and deposition rates.  Hirano (1971) divided the bed 
into a surface or active layer and a substrate or subsurface layer.  These layers constitute the so-
called mixing layer.  Sediment particles are continuously exchanged between flow and the 
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surface layer.  Sediment particles exchange between surface layer and substrate when the bed 
scours or fills. 
 
Entrainment and Deposition of Cohesionless Bed-Material:  CONCEPTS implements the 
formulation proposed by Bennett (1974) who assumed that the local erosion and deposition rate 
is proportional to the difference between the sediment transport rate and sediment transport 
capacity: 

 ( kk
k

kk CC
T

DE −=− *1 ) (6) 

where T is a time scale representing the adjustment rate of sediment mass C to equilibrium 
sediment mass C*.  Various formulations of T exist in literature. CONCEPTS uses the 
formulation suggested by Armanini and Di Silvio (1988). 
 
Entrainment and Deposition of Cohesive Bed-Material:  The transport, deposition, and 
erosion process of cohesive sediments are extremely complex due to their highly varying 
properties and, therefore, behavior when their environment changes.  Cohesive beds in incised 
channels may be very firm and highly consolidated.  In this case, erosion rate is commonly 
expressed as (e.g., Ariathurai and Arulanandan 1978): 
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where ε is erosion-rate coefficient, B is wetted width of the streambed, τb is bed shear stress, and 
τc is the shear strength of the bed material.  Once entrained the aggregates are broken up into 
their primary particles, which are then transported as wash load ( clay and very fine silt particles) 
or become part of the bed-material load.  Hanson and Simon (2001) related ε to τc as 

cτ×=ε −6101.0 . 
 
The deposition rate is commonly given by Krone’s (1962) formulation: 
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where ω is particle fall velocity and τd is the shear stress below which particles in transport begin 
to deposit. 
 
Sediment Transport Capacity:  CONCEPTS uses a modification of the sediment transport 
capacity predictor SEDTRA developed by Garbrecht et al. (1996).  SEDTRA calculates the total 
sediment transport by size class for twelve predefined size classes (0.01 mm < d < 50 mm, where 
d is particle diameter) with a suitable transport equation for each size class: Laursen (1958) for 
silt size classes, Yang (1973) for sand size classes, and Meyer-Peter and Mueller (1948) for 
gravel size classes.  SEDTRA takes into account the interdependence between size fractions for 
initiation of motion by a critical sediment diameter for each size fraction that is a function of the 
sediment mixture. 
 
Numerical Solution Method:  The sediment transport equation (3) is an advection equation 
with a source term representing a net erosion from or deposition on the bed of sediment particles 
and a lateral inflow of eroded bank material and eroded soil carried by lateral runoff.  There 
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exists much literature on methods that have been developed to integrate the advection equation.  
Though the character of the advection equation with constant coefficients is well understood, its 
numerical integration may be quite difficult, especially if the solution displays large gradients 
(e.g., Hirsch 1988).  In case of a cohesionless bed the solution may also diverge if the source 
term is much greater in magnitude than the left-hand side of Eq. (3), that is if TtΔ  and uTxΔ  
are much greater than unity, where Δt and Δx are time and space interval used by the solution 
method. 
 
Cohesionless Bed:  A fractional step method is used to approximate Eq. (3), in which an 
equivalent system of equations is solved: 
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The advection equation (9a) is solved first using the method of characteristics.  Its solution is 
used as initial condition of the initial value problem (9b), which has the following analytical 
solution if C* and T are assumed constant during the time step Δt: 
 ( ) ( ) ( )TtCCCtC −−+= exp*)0(*  (10) 
where the subscript k has been dropped for convenience. 
 
Cohesive Bed:  In the case of a cohesive streambed, Eq. (9b) reads: 

 kk
k DE

dt
dC

−=  (11) 

which is solved by the forward Euler method. 
 
Variations in Streambed Elevation:  The relation describing change in bed material area (5) is 
equivalent to (9b) and (11).  Therefore, the change in bed material storage per unit length of 
channel equals the difference between intermediate sediment concentration (solution of Eq. (9a)) 
and the sediment concentration after a completed time step (solution of Eq. (9b) or (11)) 
 

STREAMBANK EROSION 
 
Erosion of cohesive streambanks is a combination of: (1) lateral erosion of the bank toe by 
fluvial entrainment of bank-material particles, hereafter termed hydraulic erosion, and (2) mass 
failure of the bank. 
 
Hydraulic Erosion Process:  The hydraulic erosion of cohesive streambanks is similar to that of 
cohesive streambeds.  The erosion rate of cohesive particles is therefore described by Eq. (7).  
The lateral erosion distance over a simulation time step Δt is EΔt.  An average erosion distance is 
computed for each layer comprising the composite bank material.  The flow area at a cross 
section is divided into bank and bed subsections only affected by bank and bed roughness, 
respectively (Langendoen et al. 2002).  The line dividing the bed and bank flow-subsections is 
assumed to bisect the average bank angle and the average near-bank bed angle.  The bank flow-
subsection is further subdivided to determine the flow area affected by the roughness on each 
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soil layer.  The average shear stress exerted by the flow on each soil layer i, τi, is then computed 
as: 
 fii SRγ=τ  (12) 
in which iii PAR =  is hydraulic radius of the flow-subsection affected by soil layer i, where Ai 
is area and Pi is wetted perimeter of the subsection.  Fluid shear stresses along the dividing lines 
are neglected when determining Pi.  Bank material is removed over the erosion distance and 
added as lateral sediment inflow (qs,k) into the channel assuming immediate disintegration of the 
material into its primary particles. 
 
Streambank Failure Processes:  Streambank failure occurs when gravitational forces that tend 
to move soil downslope exceed the forces of friction and cohesion that resist movement.  The 
risk of failure is usually expressed by a factor of safety (FOS) defined as the ratio of resisting to 
driving forces or moments.  Banks may fail by four distinct types of failure mechanisms (ASCE 
1998): (1) planar failures, (2) rotational failures, (3) cantilever failures, and (4) piping and 
sapping failures.  CONCEPTS performs stability analyses of planar and cantilever failures.  
These failure types are most common for incised stream systems.  The bank’s geometry, soil 
properties, pore-water pressures, and confining pressure exerted by the water in the stream 
determine the stability of the bank. 
 
Planar Failure Analysis:  Streambank stability can be analyzed using the limit equilibrium 
method developed for engineered slopes and embankments (e.g., Bishop 1955).  Following 
Huang (1983) the surface water on the failure block is modeled in CONCEPTS by assuming it is 
a material with no strength (cohesion and angle of internal friction are set to zero).  The slip 
surface is extended vertically through the water, a horizontal hydrostatic force is applied on the 
vertical portion of the slip surface, and the method of slices is used to determine the stability of 
the streambank. 
 
Factor of safety is determined by the balance of forces in horizontal and vertical directions for 
each slice and in horizontal direction for the entire failure block.  The forces acting on a slice j 
are: (1) the weight of the slice, Wj; (2) the normal force on the base of the slice, Nj; (3) the shear 
force mobilized at the base of the slice, Sj; (4) the horizontal interslice normal forces, In,j-1 and 
In,j; (5) the vertical interslice shear forces, Is,j-1 and Is,j; and (6) the hydrostatic force exerted by 
the surface water on the vertical part of the slip surface, Fw.  The shear-strength equation for 
either unsaturated or saturated soils (Fredlund and Rahardjo 1993) expresses the shear force 
acting on the base of a slice j as: 

 ( )b
jjjjjjj UNcLS φ−φ′+′= tantan

FOS
1  (13) 

where Lj is the length of the slice base, jc′  is effective cohesion, jφ′  is effective angle of internal 
friction, Uj is pore-water force on the base of the slice, and  is an angle indicating the increase 
in shear strength for an increase in matric suction 

b
jφ( )jU− .  The angle  varies between bφ φ′  for 

saturated soils and a value commonly ranging from 15 to 20 degrees for unsaturated soils. 
 
Langendoen (2000) derived FOS as: 
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where β is the angle of the slip surface.  The interslice normal and shear forces are neglected to 
start the iterative procedure.  The calculated interslice normal forces are commonly negative 
(tension) near the top of the failure block.  Because soil is unable to withstand large tensile 
stresses, a tension crack is assumed to appear at the last interslice boundary with tension. 
 
It should be noted that Eq. (14) yields FOS as a function of the failure plane angle β only.  
CONCEPTS uses a modified quadratic fitting process to search for the minimum of function 
(14).  Following the quadratic search method for a positive minimum of Kaufman et al. (1995), a 
quadratic polynomial is fitted through three points, where initially the end points correspond to 
the lower (βL) and upper limit (βR) of the failure plane angle and the middle point is a guess of β, 
and its unique minimum in the interval (βL,βR) is used to replace one of the endpoints.  The 
iterative process stops when the interval length falls below a threshold value. 
 
Cantilever Failure Analysis:  Banks often have a composite structure (Thorne and Tovey 
1981).  Materials may be of noncohesive and cohesive nature.  Noncohesive sandy gravel 
deposits formed from relic bars are commonly overlain by cohesive sandy silt and clays 
deposited by overbank flow on emergent bars.  Larger shear stresses exerted by the flow on the 
base of the bank and higher erodibility of the noncohesive bank material leads to undercutting of 
the streambank and the formation of cantilevers. 
 
Three principal modes of cantilever failure have been recognized: shear, beam, and tensile 
failure (Thorne and Tovey 1981).  Shear and beam failure result in a similar profile after failure, 
where the profile is extended vertically upward from the base of the cantilever.  The present 
analysis of cantilever stability is limited to shear failure.  In this case, the factor of safety for 
shear failure is determined as the ratio of the weight of the cantilever block and the shear 
strength of the bank materials, resulting in: 
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where J is the number of bank material layers within the cantilever block and j is a bank-material 
layer index. 
 

APPLICATION 
 
Yalobusha River, Mississippi:  The Yalobusha River system (Fig. 1), North-Central Missisippi, 
was extensively channelized near the turn of the 20th century, and again in the late 1960s.  As a 
consequence of channel adjustment processes, upstream reaches and tributary channels were 
rejuvenated, increasing bank heights above stable conditions and causing significant channel 
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Figure 1.  Map showing pre- and post-channelization stream courses, and the plug location.  The 
modeled reach extends from the highway 8 bridge crossing upstream of Fair Creek to the plug. 

widening by mass failure of channel banks.  Woody vegetation growing on these channel banks 
was delivered to the flow when the banks failed and was transported downstream.  Erosion of 
channel materials from the bed and banks of tributary channels and upstream reaches of the 
Yalobusha River continues to the present day.  The amount of sediment added to the river basin 
due to bank failures and bed degradation alone has been estimated to be 833,000 tonnes/yr or a 
yield of 939 tonnes/km2/yr (Simon 1998).  In addition, the input of vegetation due to bank failure 
in the vicinity of 11 major knickpoints has been estimated to be around 28 m3/yr or 100 trees/yr. 
 
The inputted sediment and vegetation has been deposited in downstream reaches of the 
Yalobusha River, promoting the development of a large sandbar and sediment/debris plug at the 
downstream terminus of channelization works.  The debris cause higher water levels and slower 
flow velocities than previously.  This in turn causes even greater rates of deposition, further 
reductions in channel capacity, and an increase in the magnitude and frequency of floods. 
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In an effort to alleviate the problems of reduced downstream channel capacity and flooding 
problems with upstream erosion and land loss, restorative strategies have been planned by action 
agencies.  The US Department of Agriculture, Agricultural Research Service, National 
Sedimentation Laboratory (NSL) has been assisting the US Army Corps of Engineers, Vicksburg 
District (CoE) in developing a technical work plan for the purpose of mitigating drainage and 
flooding problems.  The CoE have identified a number of remediation strategies including plug 
removal and numerous grade-control structures to arrest headward migration of knickpoints.  
NSL has been charged with investigating potential responses of the stream system to plug 
removal and the effectiveness of potential mitigation measures, such as bed and bank 
stabilization works using CONCEPTS.  Results are presented of the validation of CONCEPTS 
against the observed changes in channel morphology for a reach (Fig. 1) extending from the plug 
(model kilometer (Mkm) 35) upstream to the Highway 8 bridge (Mkm 0) between 1968 and 
1997. 
 
Simulated Channel Hydraulics and Morphology:  Discharge hydrographs at the upstream 
boundary and the mouths of major tributaries (Fig. 1) were generated by the hydrologic model 
AnnAGNPS (Bingner and Theurer 2001) based on the rainfall, topography, soils and landuse for 
the study period.  The reach was subdivided into 85 inter-cross-sectional subreaches.  Cross 
sections were provided by Colorado State University (C. C. Watson, pers. comm.), who also 
provided sediment rating curves for sands and fine gravels for each tributary.  The bed material 
in depositional downstream reaches (below Mkm 12) is sand; d50 varies from 0.27 to 0.39 mm.  
In degrading reaches (upstream of Mkm 7.1), the bed material is stiff silt-clay composed of two 
geologic formations: Naheola and Porters Creek Clay.  Porters Creek Clay, located between 
Mkms 5 and 10, is very firm and highly resistant to erosion, mean 185≈τc  Pa and mean 
erosion-rate coefficient of  m/s (Simon et al. 2002).  Upstream and downstream of this 
reach, the bed is composed of the relatively erodible Naheola formation, whose critical shear 
stress is highly variable; mean and median values are 23.1 and 1.5 Pa, respectively.  The mean 
erosion-rate coefficient is about  m/s.  Table 1 lists the shear-strength properties of the 
bank material.  Manning n values for the channel bed and banks were 0.033 and 0.035, 
respectively. 

6100.2 −×

6104.4 −×

 
Table 1.  Shear-strength properties of the bank material. 

Model kilometer Layer Cohesion Friction angle Unit weight 
(km) number (kPa) (º) (kN/m3) 

 1 8.6 31.4 15.9 
0-20 2 8.6 18.3 16.6 

 3 8.6 12.0 16.7 
20-22 1 3.4 25.0 16.9 
23-35 1 1.1 32.0 15.6 

 
Figure 2 shows the temporal adjustment of the channel top width between 1968 and 1997.  
Generally, there is good agreement; discrepancies in upstream reaches are due to uncertainties in 
assigning bank top locations, while those in downstream reaches are due to berm development 
upstream of the plug, an aspect that cannot presently be simulated.  Timings of periods with 
accelerated widening agree with those found in Simon (1998).  Figure 3 shows the temporal 
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Figure 2.  Predicted and observed temporal variation of channel top width. 

evolution of the thalweg profile between 1968 and 1997.  Overall comparison between the 
modeled and observed thalweg profiles show good agreement; middle reaches were found to 
have incised by approximately 2 m, an amount closely comparable to that predicted by 
CONCEPTS.  Discrepancies in the upper 5 km seem to be due to differences in survey stationing 
between 1968 and 1997.  There is a slight overprediction of the amount of deposition between 
Mkms 24-32, caused by the developing plug creating backwater conditions.  In contrast, the rate 
of deposition along the lower 3 km of the model reach is underpredicted.  It is likely that this is 
due to: (1) the discharge-stage relation at the downstream boundary which may not adequately 
represent the effects of the plug, and (2) the model cannot simulate the transport and deposition 
of woody vegetation. 
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Abstract Channelization of rivers in the Yalobusha Basin, MS, since the 1950’s has led to 
incision and headward migration of knickpoints formed in cohesive streambeds.  Channel 
expansion has degraded habitat and threatens bridges and land in the basin, while sediment and 
woody debris eroded by the knickpoints has been deposited downstream, causing flooding in 
urban areas.  The CoE is stabilizing the basin headwaters with an extensive program of grade 
control structure construction. To help prioritize grade control structure installation ten 
knickpoints in the watershed have been monitored since 1997, and investigations of hydraulic 
and geotechnical properties have been carried out.  Knickpoints form in two cohesive materials; 
the Naheola formation and the Porters Creek Clay.  The average rate of knickpoint retreat in the 
Naheola clay is 6.6 m per year, while in the Porters Creek Clay it is 1.0 m (lowest 0.4, highest 
11.0 m).  Critical shear stress averages 1.5 Pa for the Naheola while for the Porters Creek clay it 
is 183 Pa.  Monitoring of available boundary shear stress suggests that in the Porters Creek sites 
other factors must come into play to account of the observed knickpoint retreat rates. 

 
INTRODUCTION 

 
Thousands of kilometers of cohesive-bed stream channels in the Midwestern United States are 
incised and eroding at accelerated rates due to human disturbances imposed during the first half 
of the 20th century.  The Yalobusha River of north-central Mississippi is typical of these systems 
and poses particular concerns to river managers because sediment eroded from the bed and banks 
of the river and its tributaries is being deposited downstream, blocking the channel and causing 
flooding problems in the vicinity of Calhoun City, MS.  Straightening and dredging of the 
Yalobusha River and its main tributaries has led to bed incision that migrates headwards as 
knickpoints, either in the form of series of distinct headcuts or as more general knickzones 
(ramps).  Channel widening occurs at and below these knickpoints as oversteepened banks 
collapse, threatening infrastucture, degrading habitat and introducing large volumes of sediment 
into the system.  The U.S. Army Corps of Engineers (CoE), Vicksburg District is charged with 
alleviating the downstream flooding problems resulting from a massive debris dam composed of 
trees and sediment from the failed streambanks, while protecting middle and upper reaches from 
further streambed and streambank erosion.  Before the CoE can consider removing the debris 
dam or re-routing downstream flows, they are protecting reaches upstream from this zone by 
constructing grade-control and other structures.  A key management issue in this river basin is 
determining the number and most effective location of grade control structures, since each 
structure costs approximately $100,000 and an estimated 100 structures are believed to be 
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necessary to stabilize the system.  Prediction of future channel responses and the effects of 
potential mitigation measures are difficult, however, because of an incomplete knowledge of the 
rates and processes of knickpoint retreat.  Knickpoint retreat occurs by hydraulic erosion and 
mass failure processes, or a combination.  Field observations suggests that while many 
knickpoints are very active features, some reach quasi equilibrium conditions and attain a stable 
form (at least in engineering time scales).  Where predicted rates of retreat are low the knickpoint 
can form a natural grade control structure, and remediation may be unnecessary, or a low 
priority.  Either erosion or mass failure can become a limiting control on the rate of headcut 
retreat.  While these processes are widely recognized they are rarely considered together in 
studies of knickpoint migration, and quantitative comparisons of the two processes are 
uncommon.   

 
OBJECTIVES AND SCOPE 

 
The study objectives were: 
 
1. Determine the critical hydraulic shear stress, erodibility and geotechnical strength of the clay 

beds in 10 knickpoint areas previously identified by 1997 CoE surveys and the ARS;  
2. Monitor the erosion rates and flow levels at the 10 sites over a three-year period; 
3. Identify for each knickpoint the dominant retreat process (mass failure or hydraulic erosion); 
4. Use numerical simulation models to predict the future rate of retreat; 
5. Identify and prioritize clay-bed reaches most in need of erosion control, and those that were 

naturally stable to reduce the number of grade control structures needed to stabilize the 
system. 

 
METHODS 

 
Critical shear stress and erodibility of cohesive bed materials  A submerged jet-test has been 
developed by the Agricultural Research Service (Hanson, 1990) for testing the in situ erodibility 
of surface materials in the laboratory and in the field (ASTM, 1995).  The device uses an 
impinging jet to scour a hole on the streambed.  By measuring scour hole depth and calculating 
the gradually declining boundary shear stress a relationship between stress and erosion rate is 
established, leading to calculations of critical shear stress and erodibility coefficient.   
 
Bed material shear strength  An Iowa borehole shear tester was used to measure drained, 
direct-shear geotechnical parameters (cohesion and angle of internal friction) of knickpoint 
materials in situ. 
 
Hydraulic conductivity  ‘Undisturbed’ cores were obtained by driving a hammer sampler into 
the bed from the surface.  The resulting 50 mm × 50 mm soil cores were sealed in the field then 
returned to the laboratory for evaluation of bulk unit weight, moisture content and saturated 
hydraulic conductivity using the falling head permeameter method. 
 
Monitoring knickpoint migration  Up to twelve repetitive surveys were conducted between 
1999 and 2002 at ten knickpoint sites in the basin.  Surveys of the channel thalweg were 
conducted noting any changes in slope.  Where knickpoints have discrete lips, leading to steeply 
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inclined faces, planimetric surveys of the form of the knickpoint were made.  Survey data 
obtained during this study were “tied” into the 1997 CoE surveys to provide a longer record of 
change in the knickpoints.   
 
Water stage  Calibrated submerged pressure transducers were installed to measure stage 
variations with time.  The transducers were set to take measurements every 30 minutes to give an 
almost continuous record.  This record was then compared to that for the USGS gauging station 
07283000, Skuna River at Bruce, in order to verify peak stages.  Verified peaks were used to 
evaluate the magnitude and duration of excess shear stresses for assessing rates of erosion due to 
hydraulic stresses, and for use with the finite-element stability software used to model failure of 
knickpoint faces.   
 
Numerical simulations  Two simulation approaches were used to shed light on the dominant 
knickpoint retreat processes and to predict future rates of movement.  For all knickpoints the 
potential erosion rate was calculated using a simple ‘excess shear stress’ approach where average 
boundary shear stress was compared with critical boundary shear stress, and the erosion rate 
calculated from the excess where appropriate. An average boundary shear stress is calculated 
from: 

 
τo = γ R S             (1) 

 
where γ = unit weight of water, (9810 N/m3); R = hydraulic radius (which is, for a wide 

open channel, equal to the flow depth), in m; and S = channel gradient, in m/m.  Because of 
irregularities in the bed profiles, regression analyses were used to approximate the bed slopes.  
Flow depths from the submerged pressure transducers were used in lieu of hydraulic radius.  Jet 
test data were used to develop a relationship between critical shear stress (τc) and the erodibility 
coefficient (k) by which to estimate erosion rates of cohesive streambeds. 

 
This applied the commonly used functions of Partheniades (1965): 
 

ε = k (τo - τc) a  (for τo > τc) 
ε = 0   (for τo < τc)           (2) 

 
where ε = erosion rate, in m/s; k = erodibility coefficient, in m3/N-s; τo - τc = excess shear stress, 
in Pa; τo = average boundary shear stress, in Pa; τc = critical shear stress, in Pa; and a = an 
exponent (often assumed = 1.0). 
 
The model was applied in a simple spreadsheet analysis, converting stage to shear stress and 
calculating the excess shear stress and predicted erosion for the three-year record.  This was then 
compared with the observed erosion rates to provide insight into the knickpoint retreat processes.   
 
In the case of knickpoints where hydraulic erosion did not appear to be sufficient to explain the 
observed retreat rate, or where there was field evidence of mass failure, additional modeling was 
carried out using a combination of hydrology and slope stability modeling.  The modeling was 
undertaken using finite-element hydrologic (SEEP/W; GeoSlope International 1998a), and limit 
equilibrium method slope-stability software (SLOPE/W; GeoSlope International 1998b).  
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SEEP/W is a two-dimensional finite-element hydrology model that simulates the movement of 
water and the resulting pore-water pressures for both saturated and unsaturated conditions using 
Richards’ equation (Richards, 1931).  The inputs are a finite-element mesh of the knickpoint, 
pressure vs. permeability and pressure vs. moisture content characteristic curves, and hydrologic 
boundary conditions.  Thalweg survey data were used to construct a series of finite-element 
meshes based on cross-sections of the knickpoints as they retreated and as scour altered the bed 
geometry.  The permeability function was derived from field testing, while the pressure-moisture 
function was estimated using the permeability value and the SEEP/W function library (GeoSlope 
International 1998a).  The lower and lateral perimeters of the meshes were fixed as zero-flux 
boundaries.  Though some seepage probably occurs through these boundaries under field 
conditions, it was assumed that over the course of the simulations (1-2 days) the amounts would 
be negligible compared with movement across the upper boundary.  The upper boundary (water/ 
bed boundary) was simulated as a series of time-dependent variable heads of water.  The head 
boundary was derived from stage data that were logged every 30 minutes from above and below 
the knickpoints to give head and tailwater elevations.  An initial steady-state simulation was 
carried out to bring the bed pore-water conditions to those observed in the field before events 
(unsaturated bed profile).  The model was then run dynamically for the duration of each observed 
flow event.  The principal output from the SEEP/W modeling was a spatial and temporal 
distribution of pore-water pressures (positive and negative) in the streambed.  These pore-water 
pressures were passed over to a Limit Equilibrium Method stability model (SLOPE/W) for 
calculation of Factor of Safety (Fs).  In these simulations SLOPE/W performs an Ordinary 
Method rotational limit equilibrium analysis.  This was used rather than the slightly more 
accurate Bishop’s Simplified Method as it is able to analyze shear surfaces with gradients that 
are very high relative to friction angle, which tends to be the case with knickpoint failures in 
cohesive beds.  The Ordinary Method is generally less conservative than Bishop’s Method, with 
predicted Fs approximately 5% higher on identical shear surfaces.  Average geotechnical 
property values for the two formations were used in the modeling.  In addition to soil-mechanical 
properties and pore-water pressure, the analysis takes account of surcharge (weight of water 
above the knickpoint) and confining pressure (weight of tailwater acting on the toe of the 
knickpoint).  For comparison, the Fs of the knickpoints have been calculated using the initial 
observed condition (unsaturated) and also assuming complete saturation but no head of water.  
For the case of Big Creek, a sensitivity analysis has also been performed to identify the critical 
stage required to cause knickpoint mass failure. 
 

RESULTS 
 
The stream system in the Yalobusha basin largely cuts into two cohesive formations that form 
the bed material for most knickpoints; the Naheola and the Porters Creek Clay, both belonging to 
the Midway Group of Paleocene age (Parks, 1961). 
 
Erodibility  Results of 176 jet-tests (105 in the Naheola; 67 in the Porters Creek Clay; and 4 in 
other materials) indicate that there is a wide variation in the erosion resistance of the streambeds.  
Values of τc span almost four orders of magnitude from near zero to greater than 400 Pa (mean = 
87.8 Pa; standard error = 9.3 Pa).  Values of k span about three orders of magnitude (mean = 0.12 
cm3/N-s; standard error = 0.02 cm3/N-s).  Distinct differences in susceptibility to erosion by  
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hydraulic stresses exist for the two dominant formations.  The Porters Creek Clay formation 
(median τc = 183 Pa) is clearly much more resistant to erosion by hydraulic forces than the 
Naheola formation (median τc = 1.5 Pa).  Frequency histograms for τc are shown in Figure 1 as 
an example.  The histograms show that resistance of the Naheola formation is quite variable, 
with a reduction in occurrence with increasing shear stress.  In contrast τc values for the Porters 
Creek Clay formation are skewed towards higher values, attesting to its much greater resistance 
to hydraulic forces.  By calculating average boundary shear stress from typical bed slopes under 
different flow conditions it is possible to calculate the frequency of flows that have sufficient 
shear stress to erode the channel system.  A wide range of combinations of depth and bed slope 
generate flows competent to erode streambeds composed of the Naheola formation (τc = 1.5 Pa).  
In contrast, only the deepest (8 m) flows with profiles steeper than 0.003 m/m generate average 
boundary shear stresses great enough to erode streambeds composed of the Porters Creek Clay 
formation (τc = 183 Pa).  Slopes this steep are probably only found in knickzones. 
 
An inverse relationship between τc and erodibility k was observed, where soils exhibiting a low 
τc have a high k and soils having a high τc tend to have a low k.  Because those sites with the 
greatest values of τc maintain the lowest erodibility coefficients, they can be expected to erode by 
hydraulic stresses at the lowest rates.  This is not to say that erosion by other processes such as 
geotechnical failure of knickpoint faces follows this relation.  Based on these observations, k can 
be estimated as a function of τc (r2 = 0.58): 

 
k = 0.08 τc - 0.45            (3) 

 
Streambeds composed of the Porters Creek Clay formation are shown to be non-erodible until 
flows of about 250 Pa are encountered.  At this shear stress, these beds can erode via particle-by-
particle detachment at a rate of about 0.0004 mm/s.  Streambeds composed of the Naheola 
formation are readily eroded over the entire range of shear stresses at rates of 0.0047 to 0.032 
mm/s.  
 
Knickpoint migration rate  Knickpoint migration rates were obtained from analysis of the 
repeated surveys.  Migration rates vary from about 0.4 m/y to about 11 m/y over periods ranging 
to 60 months (Figure 2).  These rates must be viewed in context: knickpoint migration does not 
occur constantly; rather, it occurs as bursts separated by periods of little change.  Over the study 
period (1997 to 2002), several knickpoints cut into the Naheola formation migrated 30 m or 
more.  Their average rate of migration over the period was 6.6 m/y.  Those cut into the Porters 
Creek Clay formation migrated at significantly slower rates, with an average rate of migration of 
1.0 m/y.  The difference in knickpoint movement for streambeds cut into the Naheola and Porters 
Creek Clay formation are shown in Figure 2.  It is important to keep in mind that flows over the 
period of monitoring 1999-2001 have been relatively low in comparison to historical values, 
indicating that knickpoint migration rates would have been greater in “normal” flow years.  
Measurements of τc and erodibility rates for cohesive bed materials in the Yalobusha basin 
suggest a discrepancy between observed knickpoint retreat rates and available hydraulic shear 
stress.  This suggests that other mechanisms are causing some of the knickpoint retreat.  We have 
identified three potential mechanisms for erosion and migration of cohesive knickpoints: 
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Figure 3.  Cross section and plan view of Big Creek knickpoint, 1997 – 2002. 
 
 
 

Figure 4.  Average boundary shear stress, τo against time and critical shear stress for Big Creek,  
showing periods of exceedance and predicted erosion amount. 
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1. Where streambeds become partially exposed during low-flow periods, the result is 
weathering and the formation of cracks, enhanced by tension cracking of the headwall 
related to pressure release and stress-induced deformation; 

2. Development of pore-water pressure differentials between the stream bed and the sub-bed 
due to low permeability may lead to the development of upward-directed seepage forces that 
either aid detachment of aggregates of flocculated particles or cause static liquefaction,  
(Simon and Collison, 2001).   

3. Observations of failed blocks at the toe of knickpoints indicate that more rapid erosion and 
migration may occur by a cyclical mass failure mechanism.  The cycle can be represented 
by: 

i. Hydraulic stresses linked to the development of a marked hydraulic jump and turbulence in 
the plunge-pool undercut and heighten the knickpoint face through a combination of vortex 
and splash erosion (Bennett et al., 2000); 

ii. The face fails via a mass-failure mechanism, such as cantilever or planar failure, with 
deposition of the failed material in the plunge pool; and  

iii. This debris is removed, and is followed by further scour in the plunge pool, thereby 
preparing the knickpoint for subsequent failure (Simon et al., 2000). 

 
Influence of Hydraulic Stresses on Knickpoint Migration  Utilizing stage records constructed 
from transducer data and Equation (3), the shear stress duration series for the intensive sites has 
been calculated.  Of all the sites, only those with beds composed of the Naheola formation 
experience shear stresses greater than the critical shear stress for any period of time.  However, 
field evidence suggests a much greater amount of erosion.  At Big Creek, only two storm events 
over the period of record exceeded the critical shear stress and were capable of causing bed 
erosion.  Surveys indicate that about 500 mm of vertical erosion did occur upstream of the 
knickpoint face over this period, despite the fact that our predicted erosion amount for the survey 
period (one storm event fewer) is only 2 mm.   
 
The excess shear stress approach tended to underestimate the amount of erosion occurring 
upstream of knickpoints.  There may be many reasons for this.  Of particular importance may be 
the changing form of the water surface over the knickpoint at various stages.  At all locations, the 
pattern appears to be one of draw down over the knickpoint with low to medium tailwater 
elevations during low flows, with a radical change as stage increases.  At medium flows, the 
water surface elevation increases immediately downstream of the knickpoint brink, so that 
tailwater heights are higher than the stage height upstream of the knickpoint.  This occurs at all 
locations where the downstream transducers are relatively near to the knickpoint and hence are 
affected by changing flow patterns and the formation of waves or a hydraulic jump.  

 
Knickpoint Failures and Migration by Geotechnical Processes  The significantly slower rates 
of knickpoint migration in the Porters Creek Clay formation highlight several hypotheses 
regarding the factors that control erosion processes in knickpoints in this geologic unit: 
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Figure 5.  Finite element model output – pore water pressure and slip surface of knickpoint failure. 
 
 
 
 
 
 
 
 

 
Figure 6.  Predicted and observed rates of knickpoint retreat – Big Creek. 
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1. That very low hydraulic-erosion rates result in minimal increases in the height of the 
knickpoint face and, consequently, a reduced tendency for failure of the face during 
storm events, and  

2. That geotechnical failure in the Porters Creek Clay is less likely due to greater shear 
strengths. 

 
Hypothesis 2 is not borne out by the shear strength data that shows that on average, both 
cohesive and frictional strengths are greater in the Naheola formation than in the Porters Creek 
Clay formation.  These results indicate that the lower migration rates (including the amount by 
geotechnical failure) in the Porters Creek Clay are directly related to its enhanced resistance to 
erosion by hydraulic shear. 

 
Model Results  Of all the sites, only three (Big Creek, Buck Creek and the Yalobusha River) 
exhibited mass failures.  The analysis of the major knickpoint on Big Creek is provided to 
illustrate the mass failure cycle.  Throughout the study period, the knickpoint has been stable 
under non-flood conditions.  The inherent Fs is approximately 2.1-2.4 when observed ambient 
suction values are applied.  If we assume that the knickpoint is saturated and that water pressure 
is hydrostatically distributed, Fs drops to 1.4-1.8.  This indicates that knickpoint failure requires 
some type of flow event, and suggests that knickpoint failure is unlikely to occur as a result of 
sub-aerial weathering processes between flows, as has been suggested by some investigators. 
 
To simulate flow events, every observed event with a flow depth greater than 0.3 m has been 
extracted from the stage record from January 1999 to June 2000.  The sensitivity analysis shows 
that stages lower than 0.5 m are unlikely to cause mass failure.  Events have been simulated 
using the finite element mesh derived from the survey preceding the event.  Where a mass failure 
is indicated (Fs close to, or below one) the predicted failed distance has been recorded for 
comparison with the observed knickpoint retreat distance at the next survey.  In some cases there 
is more than one possible event between two successive knickpoint surveys.  In this case the 
cumulative failed distance for each event is compared with the observed distance.  The results 
(Figure 6) show a close agreement between modeled and observed retreat rates. 
 
A typical example is described in more detail below.  As stage rises, pore-water pressure in the 
bed responds.  Combined with increasing surcharge, this reduces the factor of safety to almost 
one.  However, as tailwater height rises, it drowns out the knickpoint.  The resulting confining 
pressure supports the knickpoint, raising Fs during the peak flow.  As both headwater and 
tailwater levels decline, the knickpoint re-emerges from flow and confining pressure falls faster 
than surcharge and pore-water pressure, resulting in a second period of low Fs.  The modeling 
and field data suggest that two failures occurred during this event, one before and one after the 
peak stage.   
 

KNICKPOINT MIGRATION PROCESSES: SUMMARY 
 
This research has allowed a tentative formulization of the processes active at knickpoints with 
different forms.  Generally, it has been found that knickpoints with homogeneous substrata tend 
to migrate with a ramp form via hydraulic shear stress and upward-directed seepage force-
induced entrainment, irrespective of their erodibility.  Such knickpoints generally exhibit 
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extremely slow rates of migration (e.g. Cane Creek, formed in Porters Creek Clay, has a τc of 
almost 400 pa and barely moved while the Yalobusha River, formed in the Naheola formation, 
has a τc of 18 Pa and equally barely moved over the study period).  Geotechnical modeling 
suggests that very shallow (< 0.1 m) shear failures may also play a role in migration.  Indeed, 
Mehta (1991) suggested this as a potential mechanism at the micro scale. 
 
Porters Creek Clay knickpoints that are exposed during drier periods tend to crack, weather and 
erode via blocks when flows get large enough.  Numerical modeling (Simon and Collison, 2001), 
suggests that upward-directed seepage forces may play a significant role in promoting 
entrainment, while it is hypothesized that hydraulic forces operating within cracks may also be 
important.  Porters Creek Clay knickpoints that are perennially submerged tend to migrate via 
chipping of the face, promoted by upward-directed seepage forces and tension cracking. 
 
One knickpoint (Big Creek) migrates via a mass-wasting cycle documented here and elsewhere 
(Simon et al., 2000).  This knickpoint was formed in the relatively erodible Naheola formation.  
However, this knickpoint exhibited a distinguishing feature that made it different to all the 
others: it had a cap, of around 0.3 m in depth, which had a critical shear stress of almost an order 
of magnitude larger than the underlying strata.  This allowed it to retreat via parallel retreat, since 
the underlying layer was eroded more readily, undercutting the cap and eventually causing 
cantilever failure. 

 
CONCLUSIONS 

 
Erosion of streambed materials in the Yalobusha River system is controlled by the nature 

of the two dominant formations: Naheola and Porters Creek Clay.  These are expressed in terms 
of two parameters: critical shear stress and an erodibility coefficient.  Maps of the distribution of 
these parameters throughout the Yalobusha River system are provided in the body of the report.  
In general, the Porters Creek Clay formation is extremely resistant to erosion by hydraulic 
stresses, requiring shear stresses in the hundreds of Pa to initiate downcutting.  Given the range 
of representative flow depths and bed slopes, shear stresses of this magnitude probably do not 
occur on a frequent basis.  This resistance to hydraulic erosion apparently also plays an important 
role in limiting knickpoint migration in two key ways.  Firstly, the potential for geotechnical 
failure is reduced because of a lack of downcutting needed to produce a knickpoint face of 
sufficient height to create instability; and secondly, secondary scour, caused by pressure field 
distortion and flow acceleration close to the brink, is reduced or prevented.  Erosion of 
streambeds cut into the Naheola formation can, however, occur over a range of commonly 
occurring shear stresses.  These differences lead to stark contrasts in knickpoint migration rates 
between the two formations, notwithstanding that the shear strength of Naheola beds are greater 
than those composed of the Porters Creek Clay.  That migration of some knickpoints or erosion 
zones, particularly those cut into the Porters Creek Clay formation has been severely limited is 
directly related to the hydraulic resistance of these clay beds.  More than 30 years after the 
completion of the most recent channel dredging on the Yalobusha River main stem (1967), the 
major erosion zone is still just upstream of the upstream terminus of the channel work (river 
kilometer 27.8).  With maximum τc-values reaching more than 400 Pa, erosion of knickpoints cut 
into the Porters Creek Clay formation is marginal. 
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Abstract: This paper presents a one-dimensional numerical model for predicting 
sediment transport and bed evolution in natural rivers that have floodplains.  The 
sediment transport in floodplains is generally different from that in the main channel.  
Even when there is erosion in the main channel, the floodplain usually experiences 
deposition.  To predict the erosion and deposition at the same cross section, the river is 
divided into three sub-channels in the transversal direction: one each for the main 
channel, left and right floodplains.  The non-equilibrium sediment transport equation is 
modified to account for the sediment exchanges between the sub-channels.  The 
numerical model has been applied to a reach of Rio Grande downstream of the San 
Acacia Diversion Dam to the Elephant Butte Reservoir.  Based on a comparison with 
field data, the bed profile and cumulative deposition are estimated satisfactorily by the 
numerical model. 

Key words: sediment transport, floodplain, numerical simulation, alluvial river. 

INTRODUCTION 
 The Generalized Stream Tube model for Alluvial River Simulation (GSTARS2.0, 
2.1) was developed at the Sedimentation and River Hydraulics Group, Technical Service 
Center, US Bureau of Reclamation (Yang et al., 1998; Yang and Simões, 2000; ).  In this 
paper, the existing GSTARS2.1 model is modified to better simulate the sediment 
transport in floodplains.  Due to the high bed roughness and low velocity, the floodplain 
usually has a lower sediment transport capacity for a given sediment size class and 
therefore usually experiences deposition.  When the channel is divided into several 
stream tubes according to equal conveyance, as in the existing GSTAR2.1, the model 
applies a single thickness of erosion or deposition for the stream tube that may cover both 
the main channel and floodplain.  To better simulate floodplain deposition, it is necessary 
to use a model that treats the floodplain transport distinct from the main channel 
transport.  In the following modified model, two sub-channels are used specifically for 
the left and right floodplains so that transport in each floodplain can be simulated 
separately from the main channel.  Because sediment is transferred between the main 
channel and floodplains, the existing 1D non-equilibrium sediment transport model 
employed in GSTARS2.1 must be modified.  In this paper, the 1D non-equilibrium 
sediment transport model based on the decay function of Han (1980) is modified to 
account for the sediment transfer between main channel and floodplains. 

 The modified GSTARS2.1 is used to simulate the sediment transport and bed 
geometry in a reach of Rio Grande between San Acacia Diversion Dam and 10 miles 
downstream of San Marcial, New Mexico.  The total length of the river reach is 86km 
(54mi).  The time period between 1972 and 1992 is simulated.  The model is shown to 
satisfactorily simulate the bed profile and cumulative deposition. 
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NUMERICAL METHOD 
First, the water surface profile is calculated using a standard-step method.  The 

channel is then divided into a specific number of sub-channels.  Two sub-channels are 
used specifically for left and right floodplains, while the remaining sub-channels of the 
main channel are distributed by equal conveyance.  The exchange of water and sediment 
through sub-channels are calculated by the distribution of conveyance.  Sediment 
diffusions between sub-channels are neglected and can be accounted in future studies.  

By neglecting the unsteady and diffusion terms, the non-equilibrium sediment 
transport equation can by expressed as: 

)(~)( *
011100 =Δ−αω+−+− xWCCCQQCQCQ f  0    (1) 

Where Q = flow discharges (m3/s),obtained from the conveyance fraction after the flow 
conditions are calculated; C = sediment concentrations; subscripts 0 and 1 = upstream 
and downstream sections, respectively; α  = the recovery factor, a dimensionless 
parameter recommend by Han and He (1990) as a value of 0.25 for deposition and 1.0 for 
erosion;  = the sediment fall velocity (m/s) depending on the particle size and water 

temperature;  = the sediment concentration (ppm); C  = sediment carrying capacity 
(ppm) obtained from one of the sediment transport formulas; 

fω
*C

xΔ  = reach length (m); W = 
sub-channel width (m); C~  = the sediment concentration of transversal flow between main 
channel and floodplain.  It is the sediment concentration (ppm) in the adjacent sub-
channel if there is net lateral flow into the calculated sub-channel, or the sediment 
concentration in the calculated sub-channel if there is net outflow.   

 If there is net flow out of the sub-channel, the analytical solution for the sediment 
concentration at downstream section 1 is 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δαω
−−

Δαω
−

+
Δαω

−−+=

Q
xW

xW
QCC

Q
xW

CCCC

f

f

f

exp1))((

)exp()(

*
1

*
0

*
00

*
11

     (2) 

where  and  = sediment concentration (ppm) at upstream section 0 and downstream 
section 1, respectively;  and  = sediment carrying capacities (ppm) at upstream 
section 0 and downstream section 1, respectively.   

0C 1C
*
0C *

1C

 If there is net flow into the sub-channel, the analytical solution for the sediment 
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where is the sediment concentration at downstream cross-section. For 
information about other details of the computation procedure readers can refer to the 
GSTARS2.1 User’s Manual (Yang and Simões, 2000; ).   

)(1 xCC Δ=

APPLICATION 
 The numerical method described above was applied to a reach of the Rio Grande, 
between San Acacia Diversion Dam and 10 miles downstream of San Marcial.  A 
geomorphic study of the Rio Grande found that the sediment discharge and physical 
channel features have changed significantly from historic conditions (Lagasse, 1980; 
Massong, at al., 2002).  A series of reservoirs were built upstream of this study site in the 
1950’s-1970’s.  As a result, the annual volume of suspended sediment being transported 
at San Acacia has decreased.  Just downstream of the San Acacia Diversion Dam, the Rio 
Grande has experienced significant degradation since 1972.  As evidence of the 
degradation, the bed elevation has decreased up to 1.5m (5ft) in several locations.  On the 
other hand, the downstream of the reach has experienced continuous aggradation due to 
the existence of the Elephant Butte Dam and Reservoir downstream.   

 The initial channel geometry was taken from a 1972 aerial survey.  The historical 
stream gage record from USGS gage number 08354900 was used for the flow rates and a 
rating curve from sediment measurements at that gage provided the sediment inflow 
information.  Bed material information was also available at the gage site. 

 Several other inputs required in the numerical simulation as well.  The Manning's 
roughness coefficients (English Unit) were set to 0.02 for main channel, and 0.1 for 
floodplains, based on previous calibrations to hydraulic data.  A total of 8 grain sizes 
were used ranging from clay to fine gravel.  The angle of repose was set to 60° above the 
water level and 45° below the water level.  The active layer thickness is equal to a 
constant times the diameter of the largest sediment size whose bed fraction is at least 
0.01.  The constant was set equal to 20.  Three sub-channels were used, one for main 
channel, one for the left floodplain and one for the right floodplain.  There are large 
uncertainties in the transport parameters for cohesive sediments (assumed here to be 
those sediments with a diameter less than 0.062 mm).  The numerical model used the 
experimental data of Vermeyen (1995).  The critical shear stress for deposition was set to 
0.24N/m2 (0.005 lb/ft2).  The critical shear stress for mass erosion was set to 143.6 N/m2 
(3 lb/ft2).  The erosion rate at the point when the bed shear stress equals the critical shear 
stress for mass erosion was set equal to 0.98 kg/m2/hr (0.2 lb/ft2/hr).  The slope of the 
erosion rate curve for mass erosion was set to 0.4 (1/hr).  The only cohesive sediment 
parameter used for calibration was the critical shear stress below which deposition 
occurs.  It was calibrated to minimize the error of the simulated cumulative erosion and 
bed profile and its value was determined to be 2.4N/m2 (0.05 lb/ft2). 

 The simulation was performed using 48 cross-sections to represent the 86km 
(54mi) river reach.  Simulations with 115 cross sections were also performed, but no 
major difference was observed in the final results and therefore in this paper only results 
using 48 cross-sections are reported.  Using a time step of 2hrs, the numerical simulation 
took 5 hours on a PC computer with 1GHz Pentium III processor and 128M memory. 
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RESULTS 
The numerical model reproduces the general shape and magnitude of the cumulative 
erosion and deposition in both the main channel and the total channel including the 
floodplains (Figure 1).  The difference between the main channel and total channel 
deposition is the floodplain deposition.  From river mile (RM) 118 to RM 108, the field 
measurements show that the main channel experienced large erosion and the floodplains 
experienced less erosion.  In general, the numerical model predicts the main channel 
accurately and under-predicts erosion in the floodplains.  From RM 108 to RM 80, the 
field measurements shows that the main channel experienced almost no erosion or 
deposition and the floodplain experienced a large amount of deposition.  The numerical 
model reproduces this same trend.  In the remaining channel, both the main channel and 
the floodplains experienced large amount of deposition due to the downstream reservoir.  
The numerical model under-predicts the main channel deposition while predicting the 
total deposition well. 
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Figure 1. Cumulative deposition from 1972 to 1992. 

Four typical river cross-section changes are shown in Figure 2.  The right sides of the 
cross sections are behind of the levee and are not modeled.  Figure 2(a) shows the cross-
section at RM115.0, just downstream of the San Acacia Diversion Dam, where field data 
show that both the main channel and the floodplains experienced erosion.  The main 
channel shifted to the left, a phenomenon that cannot be predicted with the current model.  
The numerical model over-predicts the thalweg elevation decrease due to erosion. Figure 
2(b) shows the cross-section at RM 105.9, where field data show that both main channel 
and floodplains experienced erosion.  The numerical model reproduces the geometry 
changes with good accuracy.  Figure 2(c) shows the cross-section at RM 79.9, where 
field data show that the main channel remained stable and the floodplains experienced 
deposition.  The numerical model reproduces the phenomena fairly well.  However, the 
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numerical model cannot predict the uneven deposition in the floodplains.  Figure 2(d) 
shows the cross-section at MI 68.1.  The numerical model reproduces the deposition in 
the entire cross-section induced by the downstream reservoir. 
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Figure 2. River cross-sections 

CONCLUSIONS 
A 1D numerical model for sediment transport is modified to incorporate the different 
erosion and deposition rates in the main channel and in the floodplains.  The model is 
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applied to a reach of the Rio Grande of about 86km (54 mi) long.  Overall, it is found that 
the modified 1D model is capable of reproducing the river geometry changes due to 
sediment transport, and the agreement with the field data is also favorable.  Additional 
capabilities that could be introduced into this and similar models would be the 
consideration of sediment diffusion between the main channel and two floodplains and 
the capability to simulate channel width changes using stream power minimization or 
other minimizations techniques. 
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Abstract:  The Conasauga River Watershed, located in northern Georgia and southern 
Tennessee, has one of the most diverse aquatic ecosystems in this region and is currently being 
considered for designation as a wild and scenic river.  The Conasauga River also serves as a 
major source of drinking water for numerous large cities.  Due to the close proximity with the 
cities of Knoxville, Atlanta, and Chattanooga, intensive public usage, and the high quality of this 
aquatic resource, the United States Department of Agriculture (USDA) Forest Service has 
designated the Conasauga River as one of the twelve large-scale watershed restoration projects in 
the nation.  This is warranted as the Conasauga River is experiencing excessive sedimentation 
from the erosion of private agricultural lands, streambanks, and forest roads.  We are working 
with an erosion model, the Sediment Tool, to facilitate decision-making in the restoration of 
forest roads.  The sediment tool, and its parent model the Watershed Characterization System 
(WCS), were developed by the US Environmental Protection Agency (EPA).  The Sediment 
Tool is a spatially explicit, GIS based, finite element, lumped parameter model which generates 
estimates of soil erosion, sediment routing and sediment yield.  We applied WCS along segments 
of thirteen mountain roads in the Conasauga Watershed.   The segments provide replication of 
road types under a variety of usage levels, road base materials and slopes.  We sampled overland 
flow from each segment for total suspended solids (TSS) and surveyed all pertinent road 
characteristics.  While we were able to qualitatively calibrate the model, predicted sediment 
yields were typically much greater than observed data.  Model results improved with digital 
elevation model (DEM) and computational grid resolution.  Error analysis indicated that model 
sensitivity is limited by the governing equations within the model and the resolution of the input 
data.  The model currently employs the universal soil loss equation (USLE) to estimate soil 
erosion and empirical sediment yield equations to transport sediment.  These empirical equations 
were not developed for application on aggregate road surfaces.  DEM resolution will also present 
problems in routing the sediment to streams.  Streams in the study areas are only one two three 
meters wide.  Floodplains adjacent to these streams are typically four or five meters wide and 
frequently trap sediment-laden runoff before it reaches the streams.  Current efforts to improve 
upon the model include an adaptation of the process based Water Erosion Prediction Project 
(WEPP) model and attainment of finer resolution DEM data that will more accurately represent 
the road surfaces. 



INTRODUCTION 

The Conasauga River Watershed, Figure 1, encompasses 1,870 square kilometers of the Blue 
Ridge Ecosystem in northern Georgia and southeastern Tennessee.  This watershed hosts the 
most diverse aquatic ecosystem of any river in this region and hosts over 90 species of fishes and 
42 species of mussels (Freeman, et al, 1996).  The Conasauga River also serves as a source of 
drinking water for the cities of Dalton and Atlanta, GA and Cleveland and Chattanooga, TN.  
Recreational usage of the Conasauga is intensive.  Thousands of annual visitors use it for 
kayaking, canoeing, swimming, fishing, hunting, hiking, mountain climbing, mountain biking, 
swimming and camping.  Currently, water quality and aquatic ecology of the Conasauga River 
are suffering from excessive sedimentation caused by erosion of streambanks, agricultural lands, 
development, and gravel roads (Freeman, et al, 1996).  Sediment eroded from gravel roads can 
be a major component of the sediment budget in streams in this region (Van Lear, et al, 1995). 
 
The USDA Forest Service has designated the Conasauga River watershed as one of twelve 
national watersheds targeted by the Large-scale Watershed Restoration Project.  This has 
provided resources to protect and improve the quality of land and water resources within the 
Conasauga River Watershed.  As part of this project, the Forest Service is locating and 
addressing potential impacts to the mountainous, headwater streams and the Conasauga River in 
the national forest lands of the Chattahoochee and Cherokee National Forests.  Approximately 
one half of the forest area is designated as a wilderness and provides water of exceptional quality 
(Ivey and Evans, 2000).  However, sediment eroded from the forest roads traversing the 
remaining forest lands could negatively impact the health and integrity of the aquatic ecosystems 
(Henley, et al, 2000).  The primary means to reduce runoff, erosion, and sedimentation caused by 
forest roads is through the implementation of road improvement projects, best management 
practices and, where necessary, closing roads. 
 

RESEARCH DESCRIPTION 

Due to limited resources, it is important that road improvement projects be prioritized.  The 
prioritization is based upon the severity of sediment erosion and transport, sediment impacts on 
water quality, road usage levels and potential effectiveness of restoration.  Our goal is to 
determine the ability of a watershed scale erosion model to assess sediment production, delivery 
to streams, and predict restoration effectiveness.  To satisfy this goal the model must meet the 
following objectives; 
 

(1) provide an assessment of sediment production and delivery from forest roads, 
(2) output must allow users to quantify the effectiveness of road restoration for reducing 

sediment production and delivery at local and watershed scales and 
(3) the model must be a tool that can be used to locate and prioritize high hazard areas 

and evaluate changes in future sediment production and delivery with the 
implementation of road improvement projects. 

 
The research presented here is limited to our investigation into the ability of the model to meet 
objective 1, its ability to assess sediment production and delivery from forest roads. 
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Figure 1:  Location of Conasauga watershed and study sites in the southern Appalachians. 
 
Model Description:  The modeling environment we employed is the Watershed 
Characterization System (WCS).  WCS is an adaptation of the Environmental Protection Agency 
(EPA) ARCVIEW™ based watershed data management system known as BASINS (EPA, 
2001a).  WCS was developed by Region 4 of the EPA to facilitate the development of total 
maximum daily loads (TMDLs) in the southeastern United States.  Sediment is the primary 
pollutant for which TMDLs are established consequently, the EPA developed a soil erosion and 
transport module for WCS called the Sediment Tool (Tetratech, Inc. and EPA, 2000).  The 
Sediment Tool is an Avenue™ extension that is called by ARCVIEW from within WCS.  It is 
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spatially explicit, finite element, lumped parameter model that estimates soil erosion, sediment 
transport and sediment yield.  Soil erosion is simulated on a grid cell basis with the USLE while 
one of four user specified transport equations is used to tansport sediment from cell to cell.  The 
development, scientific basis, and background research leading to the creation of the Sediment 
Tool have been reported by previous authors (Greenfield, et al, 199?; McNulty and Sun, 1998; 
McNulty, et al, 1994).   
 
Site Description:  The entire study site is located in the Blue Ridge Mountains.  Bedrock in the 
Blue Ridge belt is primarily sedimentary and metamorphic.  Soils in the study area are largely of 
metamorphic crystalline bedrock origin.  The loamy mountain soils from gneiss, mica-shist, 
quartz and granitic bedrock are highly erodible when exposed (Van Lear, et al, 1995). 
 
Climate and Hydrology:  Elevation and terrain strongly influence climate, precipitation 
patterns, soil depth, soil moisture, solar insolation and the natural distribution of vegetation.  
High precipitation and mild temperatures place this region in the marine, humid temperature 
classification of Koppen’s climate system (Swift, et al, 1988).  Average annual rainfall at upper 
elevations is 230 cm per year while lower elevations receive approximately 180 cm of rainfall 
per year.  Ridgelines and upper elevation south facing slopes tend to be drier while slopes with 
northern aspects are moist and cool (Van Lear, et al, 1995).  Due to higher rainfall, shallower 
soils and steeper hydraulic gradients, water yields and stream flow response in this region 
increase with watershed elevation (Swift, et al, 1988).   
 
Land Use:  While forest harvesting in this region began in the late 1800’s, much of the 
Conasauga Watershed was still forested at the turn of the century.  An inventory of land use in 
1900 and 1901 indicated that the mountainous areas in the southern Appalachians were typically 
forested with merchantable timber densities of 1,000 to 10,000 board feet per acre (Ayres and 
Ashe, 1904).  Forest harvesting increased greatly in the early 1900’s and spread throughout the 
entire region.  With the clearing of land, the conversion of valley bottoms and riparian areas to 
farming and grazing became widespread.  Beginning in the 1920’s, the mountainous headwaters 
regions of the Conasauga River were purchased by the federal government and incorporated into 
National Forests.  These lands were reforested and have been continuously managed by the 
Forest Service to the present day (Ivey and Evans, 2000). 

 METHODS 

Field Work:  During late summer, 2001, we instrumented 13 forest roads in the Conasauga 
watershed with overland flow samplers.  The road sites were selected to be representative of road 
usage levels, surface types, slopes, types and severity of erosion, maintenance practices and 
proximity to streams.  At each site we surveyed roadbed slope, contributing surface area, 
distance between samplers, the slope along transects between samplers and roadbed 
characteristics.  These are summarized in Table 1.  The usage intensity for each road is based 
upon national forest road management and usage data.  We categorized usage intensity as; closed 
- official traffic only, horse trail; gated - seasonal public access; slight - open, few vehicles per 
day, no outlet; moderate - multiple vehicles, recreation area access; intensive - numerous 
vehicles, thoroughfare access; ORV - off road vehicle recreation trail.  The third column in Table 
1 presents the typical maintenance schedule for each road.  The number of samplers installed at 
each site is listed in column 4.  The roadbed materials specified in the fifth column are; native – 
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native soil; improved – native soil amended with aggregate; aggregate – full aggregate base.  The 
next two columns present the slope of the road that contributes runoff to each sampler and the 
total contributing area above each sampler.  The last column is the estimated runoff curve 
number (RCN) for each road, as described in the data analysis section. 
 

Site Name Usage 
intensity 

Maint. 
per Year 

Samplers Roadbed Road 
Slope 
(%) 

Road 
Area 
(m2) 

RCN 

Horsetrail Closed 0 5 Native 3 441 87 
Double culverts Closed 0 4 Native 8 391 87 
Doc Howell Gated 0 - 1 4 Native 2 502 89 
Jigger Creek Gated 0 - 1 4 Native 13 90 89 
Doogan Mtn Slight 2 3 Improved 11 334 91 
Beach Bottom Slight 2 5 Improved 12 403 91 
Cowpen Mtn Moderate 2 5 Aggregate 15 254 91 
Three Forks Moderate 2 4 Aggregate 18 168 91 
Sina Branch Moderate 2 4 Aggregate 15 316 91 
Alaculsy Branch Moderate 2 5 Aggregate 14 512 91 
Double Branch Intensive 2 - 3 5 Aggregate 13 485 94 
Taylor Branch Intensive 2 - 3 5 Aggregate 10 513 94 
Rocky Flats ORV 0 5 Variable 13 217 94 

Table 1:  Study site and road characteristics.   
 
Overland Flow Sampler Installation and Operation:  The overland flow samplers employed 
in this study are of custom design developed at the USDA Forest Service Coweeta Hydrologic 
Laboratory.  Each sampler consists of three pieces, an intake, a hose, and a storage vessel.  The 
intake is a stainless steel trough with a 30cm x 10cm rectangular inlet orifice and a 10cm 
diameter exit orifice.  Each intake has a two-stage approach apron on the upstream side of the 
inlet orifice.  The first stage of the apron is installed below grade and the second stage is installed 
at grade to direct flow into inlet orifice.  Flanges that prevent flow from circumventing the 
sampler border the sides of the inlet orifice.  Water and sediment that enter the orifice flow by 
gravity, through the outlet, through a flexible connecting hose and into an 18-liter storage vessel.  
Each storage vessel has an exhaust to allow air to be freely displaced by entering water.   
 
We installed samplers during the first week of August, 2001. At each site, samplers were 
installed along a transect that began where overland flow left the road surface and ended where 
flow terminated at a stream channel or infiltrated into the forest floor.  Each transect consisted of 
a serial array of three to five individual flow samplers.  We operated the samplers from mid 
August, 2001 through early January, 2002 and checked them on a weekly basis to insure that 
they were operating properly.  The samplers were also serviced immediately following each 
significant rainfall event.  This consisted of thoroughly mixing the collected water in the 18L 
containers and extracting a one-liter sub sample of the sediment and water mixture.  The 
samplers were then cleaned and prepared to collect samples from the next rain event.  The sub 
samples were analyzed for total suspended solids to 1.5 μm in accordance with the American 
Public Health Association standard methods for wastewater analyses (Franson, 1981).  
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Data Analyses:  The TSS data obtained with the overland flow samplers and the annual erosion 
estimates generated by WCS are not quantitatively similar.  To make these data comparable, we 
adjusted their spatial and temporal scales to uniform dimensions.  We multiplied TSS (g*m–3) by 
runoff depth (m) and contributing surface area (m2) to get loading in kg for each storm at each 
sampler and summed these to obtain total yield for the sampling period.  We used the RCN 
method and the depth of rainfall from each storm to compute depth of runoff and as given in 
USDA (1986). 
 
We reduced the temporal scale of the soil erosion estimates from an annual soil loss to that of the 
four months corresponding to our overland flow-sampling period, August 15 – January 15, 2001.  
We did this by using the bi-weekly erosivity factors (USDA, 1997) to partition out the fraction of 
the annual erosivity corresponding to our sampling period (EPA, 2001b). 
 
Modeling:  WCS is distributed on an 8 digit Hydrologic Unit basis by Region 4 of the EPA for 
the states of Alabama, Florida, Georgia, Kentucky, Mississippi, North Carolina, South Carolina, 
and Tennessee.  These data are very similar to the 8 digit hydrologic unit code (HUC) data 
distributed with the EPA model, BASINS.  Consequently, their resolution is fairly coarse.  The 
data relevant to this study include the USGS one degree DEMs (90m resolution), USGS 8 digit 
HUCs, USGS level 3 streams (1:24,000 scale), NRCS STATSGO soils data, Tiger roads data, 
and climate station network.  We augmented these with additional data to improve data quality 
and resolution.  We obtained 30m and 10m DEMs for the study site, replaced the Tiger roads 
data with roads data from the USDA, Forest Service.  These data are part of the national forest 
database and have full attributes including length, usage, maintenance, road base type, vehicle 
type and jurisdiction.  While SSURGO data for the study area were not available, we updated the 
STATSGO data to reflect the existence of the forest roads.  We did this by buffering the forest 
roads coverage to the road widths and intersecting the road buffers with the STATSGO soils 
database.  Within the soils attribute table, we created new soil types for the improved and 
aggregate road bases.  We determined the erodibility values for these types using RUSLE to 
compute the K factor for the observed road surface characteristics (USDA, 1997).  
 
Calibration:  In the beginning of this study, we qualitatively calibrated WCS to each road site.  
For the initial runs of WCS, we employed USLE C factors for gravel roads published by the 
USDA (1976, p. 70).  During sampler installation, we rated each site on a scale of 0 to 4 based 
upon the severity and types of road erosion, Table 2.  We then adjusted the C factor for each site 
so that the predicted categories best matched those observed. 
 

Erosion 
Scale 

Standard deviations from the observed or 
predicted mean erosion rate 

Description 

0 Less than -1  Below average 
1 1 to -1 Average 
2 1 to 2 Slightly above average 
3 2 to 4 High 
4 Greater than 5 Extreme 

Table 2:  Qualitative road erosion categories for calibration of WCS. 
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RESULTS 

In Table 3, we present the observed and predicted sediment yield data for each road segment in 
our study.  These values are totals the period of sampler operation, August 15th – January 15th.  
Observed sediment yield data are presented in the second column.  The remaining columns 
present the predicted sediment yield data for each study road as a function of DEM resolution 
and computational resolution.  The last rows present the results of regressing the predicted 
sediment yields on the observed yield.  All of the regressions are significant (p < 0.01). 
 

90m DEM 30m DEM 10m DEM Road Name Observed 
Yield 30m 10m 30m 10m 5m 10m 5m 

Horse Trail 0.75 4.5 2.7 64 95 100 21 18
Double Culverts 1.07 11 68 77 160 300 45 24
Doc Howell 0.07 4.1 23 53 110 170 5.1 2.2
Jigger Creek 0.08 5.6 3.0 27 1.2 2.5 7.6 2.5
Doogan Mtn 0.93 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Beach Bottom 0.24 18 13 0.0 0.0 0.0 0.0 0.0
Cowpen Mtn 1.75 5.0 8.1 49 93 54 15 9.3
Three Forks 2.94 22 62 260 780 1050  
Sina Branch 0.09 1.1 6.0 37 0.0 0.0 0.0 0.0
Alaculsy 0.37 5.1 2.0 59 61 190 2.3 0.3
Double Branch 1.22 0.0 0.0 530 0.0 0.0  
Taylor Branch 0.36 3.9 9.9 12 22 45 1.9 2.0
Rocky Flats 3.13 9.8 19 41 110 270 30 67.3
Mean 1.00 6.95 16.65 92.74 109.52 167.02 11.67 11.43
Intercept  4.03 7.06 47.6 -17.2 -13.7 3.89 -3.97
Slope  2.92 9.59 45 127 181 9.69 19.2
Deg. of Freedom  11 11 11 11 11 9 9
r2  0.20 0.19 0.10 0.40 0.43 0.37 0.78
Se ŷ  6.3 21 140 170 220 12 10

Table 3:  Observed sediment yield (kg/ha) from overland flow samplers and predicted sediment 
yield (kg/ha) for each road plot.  Predicted data are grouped by digital elevation model (DEM) 
resolution and computational resolution.  Cells with an “X” correspond to sites where 10m DEM 
data were not available at the time of this study.  All regressions are significant (p < 0.01). 
 
The intercepts indicate that the WCS Sediment Tool generally overestimates sediment yield with 
the coarser DEM data.  As resolution increases, the intercepts approach zero.  The slopes of the 
regressions indicate that WCS over predicts sediment yield and this error increases with 
observed rates of sediment yield.  The estimates of sediment yield obtained with the combination 
of 10m DEM data and a 5m computational grid best fit the observed data (Figure 2).  In this 
figure, the regression line is much steeper than the predicted = observed line.   The Rocky Flats 
ORV trail site, labeled as “Influential Point”, is significantly influencing the regression (p = 
0.00035).  However, this point does not appear to be an outlier in this or the other regressions.  
Also, numerous sediment yield estimates for the Doogan Mountain, Beach Bottom, Sina Branch 
and Double Branch sites are zero while the erosion estimates were not zero.  This indicates that 
while WCS predicted that erosion would occur on these sites, it predicted that the eroded 
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sediment would be deposited before reaching the samplers.  Sediment yield was observed at 
these sites indicating that the sediment transport functions underestimated sediment transport in 
these areas. 
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Figure 2:  Linear regression of sediment yield predicted from 10m DEM data and a 5m 
computational grid against observed sediment yield. 
 
In Figure 3, we have regressed the absolute value of the residuals1/2 against observed yield.  The 
residuals are dependent upon observed sediment yield (p<0.01), increasing with sediment yield 
from the study roads. 
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Figure 3:  |Residuals|1/2 regressed on observed yield.  Transformation of residuals to the ½ power 
was necessary to remove non-linearity in the residuals.  The residuals are dependent upon 
observed yield (p < 0.01). 
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As this dependence is based upon a transformation of the residuals to the ½ power (2 
dimensional to 1 dimensional transformation), we suspect that the error might be a propagation 
of spatial scale and data resolution influences through the model.  We repeated this regression, 
replacing observed yield with road area (Table 1) as the independent variable.  The residuals are 
independent of road area indicating that the error is not a function of the contributing area 
upstream of each sampler.  
 
The influences of DEM resolution and computational grid resolution on spatial accuracy of the 
model are illustrated in Figure 4.  In this figure, we have plotted road and stream data for a 
variety of DEM and computational grid resolution combinations.  Existing roads and streams are 
superimposed with the road erosion and stream grids created by the WCS Sediment Tool.  The 
road grid generally matches the road coverage well because it was created from the road 
coverage.  The accuracy of the stream grid is dependent upon the DEM and computational grid 
resolution.  While none of the resolution combinations perfectly match the mapped streams and 
roads, accuracy increases with resolution.  The spatial extent and severity of road erosion 
generally decrease with increasing DEM and computational grid resolution.  In Table 3, the 
standard error of the estimate (Se ŷ) is lowest for the highest DEM and computational resolution. 

DISCUSSION AND CONCLUSIONS 

We were able to qualitatively calibrate the model to observed erosion conditions.  However, the 
WCS Sediment Tool overestimates sediment yield from forest roads.  While accuracy did 
increase with the use of finer DEMs and computational grids, the predicted sediment yields were 
biased and error increased non-linearly with observed erosion rates.  We found that the 90m and 
30m resolutions of commonly available DEMs were too coarse to provide reliable predictions of 
sediment yield from forest roads. 
 
With a perfect model, predicted results will exactly match observed results along a linear 
function, slope = 1 and intercept = 0.  The error we observed in our residuals is non-linear with 
respect to observed sediment yields.  There are two likely sources for this error.  First, the 
sediment routing equations in the WCS sediment tool are non-linear.  Thus, error or bias that 
would propagate through these equations would become non-linear.  Second, sediment routing 
predicted at a point (kg) is essentially one-dimensional while erosion is predicted over a two-
dimensional watershed space (kg/ha).  Thus, erosion estimate error propagating from 2 
dimensional space into the 1 dimensional transport space will increase by a factor of 2½. 
 
Gardiner and Meyer (2001) reported similar results in their investigation into the role of 
modeling resolution on the accuracy of predicted rates of erosion and sediment transport in the 
nearby Little Tennessee River watershed.  Given various data and modeling resolutions, the 
accuracy of their sediment yield predictions was non-linearly dependent upon their sediment 
yield model.  There are two important differences that must be noted.  First, Gardiner and Meyer 
were working with a 966 km2 watershed whereas our study areas are six orders of magnitude 
smaller.  Secondly, Gardiner and Meyer used erosion and yield results from their finest 
resolution modeling as the standard to which they compared the coarser resolution model results 
whereas we used observed data.  Despite these differences, it is clear that sediment yield 
predictions resulting from the application of the USLE in a finite element model are strongly  
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Figure 4:  Influence of DEM and computational grid resolution on accuracy of stream delineation 
and road erosion.  Severity of road erosion is indicated by shade; light gray is below average and 
black is extreme.  Scale 1:4,500, stream is 2m wide, road is 4 m wide. 

 10



dependent upon data and element resolution.  Van Rompay, et al (2001) cites numerous 
examples of the application of these types of models with coarse resolution data.  In practice, a 
frequent justification given for using coarse data in these types of models is that using coarse 
data over large areas will compensate for errors due to input data resolution.  Results here 
indicate that this was not true for our study. 
 
While not addressed in this study, our results suggest that DEM and computational grid 
resolution could also be important in routing sediment to streams because streams in the study 
areas are only one to three meters wide.  Floodplains adjacent to these streams are typically four 
or five meters wide.  Modeling with relatively coarse DEMs will allow sediment-laden runoff to 
reach stream grid cells rather than settling it on floodplains.  This is very important because one 
of the most common BMPs for forest roads is inducing sedimentation of road runoff by diverting 
it to flat areas adjacent to the roads. 
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GRID RESOLUTION EFFECTS ON UPLAND EROSION PREDICTIONS 

By R. Rojas, Ph.D. candidate, Civil Eng. Dept., Colorado State University, Fort Collins, 
Colorado; P. Julien, Professor of Civil Engineering, Engineering Research Center, 

Colorado State University, Fort Collins, CO 

Abstract:  The hydrological and erosion model CASC2D-SED was used to simulate the upland 
erosion in Goodwin Creek, MS.  Results show that an increase in the grid cell size tends to 
decrease the basin's average slope and slope range thus creating a milder runoff surface.  
Sediment production decreases significantly with increasing grid cell size due to decreasing 
slope values, with the larger increasing rates simulated for the case of the larger events. 

INTRODUCTION 

Erosion and sedimentation embody the processes of detachment, transport, and deposition of soil 
particles.  Erosion and subsequent deposition can cause major problems.  Erosion reduces 
productivity of cropland, sediment degrades water quality and may carry soil adsorbed polluting 
chemicals.  Deposition in irrigation canals, stream channels and reservoirs reduces structural 
capacity  and requires costly removal. 

In recent years, Geographical Information System (GIS) applications in environmental modeling 
have proliferated to take advantage of the spatial data representation capabilities.  In hydrology, 
2-D physical models are replacing simple 1-D representation of surface flow processes in 
catchment models.  In erosion models, 2-D studies enable the identification of vulnerable regions 
within a watershed, thus facilitate improvement in the planning of soil conservation systems.   

Resampling is the process of determining new values for cells in an output grid that result from 
applying some geometric transformation to an input grid.  Spatial data aggregation or resampling 
to coarser scales is often used in the environmental sciences to "scale-up" from local to regional 
or global scales when modeling a system (Bian and Butler, 1999).  In raster models, 
computational time, computer storage, level of accuracy and data manipulation are the most 
important factors that will determine the cell size selection.  The process of cell aggregation 
affects:  

a) landscape representation: as it decreases computed slope angles and their distribution, 
increases upslope drainage area, decreases catchment height distribution and affects the length 
and form of the basin and drainage network. 

b) simulated flows in hydrological models: as the predicted hydrograph at the hillslope and basin 
scale is influenced by the landscape representation.  Among others, studies on grid size effects 
on the landscape and hydrological predictions can be found in Vieux, 1993; Zhang and 
Montgomery, 1994; Wolock and Price, 1994; Bruneau et al, 1995; Kienzle, 1996; Saulnier, 
1997; Yu, 1997; Molnar, 1997; Wolock and McCabe, 2000; and Vázquez et al., 2002. 

c) predicted erosion and deposition rates in erosion models:  process-based erosion models will 
be affected by both the change in landscape representation and the change in the hydrological 
model (Julien and Frenette, 1987; Julien and González del Tanago, 1991; Kienzle, 1996; Molnár 
and Julien, 1998; Mitasova et al., 2000). 
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Developed at Colorado State University, CASC2D-SED is a physically-based raster hydrologic 
model which simulates the hydrologic response of a watershed subject to a distributed rainfall 
field (Julien et al., 1995; and Johnson et al., 2000).  Major hydrologic processes vary in time and 
space to describe: precipitation, interception, infiltration, Hortonian runoff, runon and channel 
routing, upland erosion and sedimentation and channel sediment routing.   

The objective of this paper is to briefly review the erosion module in CASC2D-SED, show an 
application of the model to Goodwin Creek, Mississippi, and study the effects that grid cell 
aggregation has in the erosion and sediment rate predictions. 

SOIL EROSION AND GIS 

Soil erosion is influenced by the spatial heterogeneity in topography, vegetation, soil type, and 
land use. This is where a Geographical Information System (GIS) becomes a valuable tool.  
Particularly, the importance of using Digital Elevation Models (DEM) to represent the 
topography of watersheds is recognized.  Erosion potential prediction is becoming a more and 
more widely applied GIS operation (Mitchell et al., 1993; De Roo, 1996; Mitasova et al., 1996, 
Molnar and Julien, 1998).  The redistribution of sediment will drive the long-term landscape 
change, which in turn will affect the hydrological processes acting within and over individual 
hillslopes (Brooks and McDonnell, 2000). 

Visualization of geographical information (geovisualization) is a powerful data exploration 
technique, exploiting the ability of current computing technology to analyze and display 
dynamically large amounts of information (Edsall et al., 2000).  Geovisualization involves the 
use of computer graphics to stimulate the human visual system to recognize patterns that would 
not otherwise be obvious.   Visualization techniques are applied to scientific research in two 
ways: (1) as visual thinking or cognitive visualization, for exploration and verification of spatial 
data, and (2) as visual communication, where the scientist communicates with other people to 
present and discuss results (Dransch, 2000). 

Time-series animation is a visualization technique ideally suited for displaying temporal 
geographic data.  Animation leads to faster and easier comprehension of spatial patterns, trends 
and rates of change of data (Acevedo and Masuoka, 1997).  The output time series grid from 
CASC2D-SED (rainfall, water depth, sediment transport, etc) may be displayed as an MPEG 
file.  Arc/Info1 is used for displaying the sequential grid layouts. 

CASC2D-SED DESCRIPTION 

Model formulation:  For a given rainfall event, once the interception has been subtracted from 
rainfall, water begins to infiltrate.  The Green & Ampt (1911) infiltration equation is used to 
accommodate spatial and temporal variabilities due to changes in the rainfall and/or soils 
properties, and taking into account the accumulated infiltration.  When the precipitation rate 
exceeds the infiltration rate, the excess rainfall will accumulate as surface water and begin to 
flow at a depth greater than the retention depth.  Overland flow is routed into the channels using 
a diffusive wave approximation in two dimensions.  In channels, the water is routed using a 1-D 
diffusive wave equation.  The erosion and sedimentation rates are calculated as a function of the 
                                                           
1 Arc/Info® is a registered trademark of the ESRI corporation 
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hydraulic properties of the flow, the physical properties of the soil and the surface characteristics.  
The modified Kilinc-Richardson equation (Julien, 1995) is used in CASC2D-SED to determine 
the upland sediment transport by grain size (silt, clay, and sand) from one cell into the next one 
in two orthogonal directions.  The sediment coming from upland erosion is routed through 
channels and into the outlet using the Engelund and Hansen (1967) transport equation. 

Governing equations:  The governing equations corresponding to the processes of precipitation, 
interception, infiltration, overland and channel flow routing are described in Julien and Saghafian 
(1991).  The governing equations corresponding to the erosion and deposition processes follow. 

Upland erosion:  The modified equation of Kilinc and Richardson (1973) is used in CASC2D-
SED to estimate sheet and rill erosion reflecting the influence of soil type, vegetation, and 
management practice (Julien, 1995): 

 
USLEUSLEoKR PC

K
qSq

15.0
23210 USLE035.266.1=

 (1) 
where :  

qKR =  unit sediment discharge [tons/m s] 
So  =  terrain slope [m/m] 
q =  unit flow discharge [m2/s] 
KUSLE =  dimensionless erodibility factor in the USLE equation 
CUSLE =  cropping management factor in the USLE equation 
PUSLE   =  conservation practice factor in the USLE equation 

 

After computing the unit sediment discharge, the upland erosion is calculated for three size 
fractions: sand, silt and clay.  These fractions are routed based upon the amount of sediment in 
suspension and from previous deposition (see Figure 1).  The suspended sediment is transported 
by size fraction proportionally to the amount of this size fraction in the suspended sediment.  If 
the transport capacity is greater than the volume of suspended sediment, the previously deposited 
sediment is transported by size fraction, again, proportionally to the amount of the given size 
fraction in the deposited sediment.  Subsequent excess transport capacity corresponds to erosion 
of the parent soil with size fractions in proportion to the soil texture. 

Transported sediment

Transported sediment
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Parent material

Deposition

Suspension

Deposition

Suspension
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qsxY

X

Z

Outgoing Cell

Available
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Figure 1. Schematic of upland erosion scheme (Johnson et al., 2000) 
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Channel sediment transport:  The eroded material in the upland portion of the watershed is 
transported to the outlet through the channels.  Currently, in CASC2D-SED, erosion is not 
allowed to occur in the channels.  Thus, transport might be supply limited.  Deposition of 
material is allowed.  Like for the routing of the sediment in the overland portion, the transport 
capacity if fulfilled, first, with the suspended sediment volume and, if needed, with the 
previously deposited sediment. 

The Engelund and Hansen (1967) equation is used to calculate the sediment transport capacity in 
the channels by size fraction, i.  Engelund and Hansen applied Bagnold's stream power concept 
and the similarity principle to obtain the sediment concentration by weight for size fraction i 
(Cwi) as follows (Julien, 1995): 

 dsiG
SfRh

dsigG
SfV

G
GCwi

*)1(
**

**)1(
**

1
*05.0

−−
⎟
⎠
⎞

⎜
⎝
⎛

−
=

 (2) 
where: 

G =  specific gravity of sediment [--] 
V =  channel depth-averaged velocity [m/s] 
Sf =  channel friction slope [m/m] 
g =  gravitational acceleration [m2/s] 
dsi =  size fraction i [m] 
Rh =  channel hydraulic radius [m] 

 

and the sediment transport capacity corresponding to size fraction i is calculated with the 
Engelund and Hansen equation as: 

  (3) 65.2/*)/( 3 CwiQsmQ iEH =

where Q is the flow discharge [m3/s] in the channel. 

Once the sediment is brought into suspension, the suspended size fraction moves by advection.  
The advective fluxes describe the transport of sediments imparted by velocity currents.  This 
implies that sediment will move with the fluid even when the transport capacity is lower or 
higher than the transport capacity.  Thus, we have a supply limited transport condition in some 
cases, and a capacity limited transport condition in others.  The rate of mass transport carried by 
advection, QADVi [m3/s] is obtained from the product of sediment concentration and the velocity 
component (Julien, 1995): 

 CiVAQ iADV **=  (4) 
where: 

A  =  flow area [m2] 
V  =  depth-averaged flow velocity [m/s] 
Ci =  suspended size fraction i concentration [m3/m3] 
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The excess transport capacity is defined as the flow capacity to move the bed-material once the 
sediment transported by advection is subtracted.  For each size fraction, the amount of bed-
material that will be transported is limited by the amount that can be transported by the flow 
(advection) or by the excess transport capacity.  The excess capacity, expressed as a volume, to 
carry size fraction i channel bed-material, XSScapi, is found as: 

 { }dtQQMAXXSScap iADViEHi *)(,0 −=  (5) 
while the volume of fraction i bed-material that can be transported by advection in the channel is: 

 W
dtVBMvoli

**
 (6) 

where BMvoli is the volume of size fraction i found in the bed-material.  The volume of size i 
bed-material that will be transported from the bed-material, qsBMi, is found to be the minimum 
between the excess capacity and the volume of the bed-material that can be carried by advection 
for that size fraction: 

 
⎭
⎬
⎫

⎩
⎨
⎧=

W
dtVBMvolXSScapMINqsBM iii

**,  (7) 

In the case in which there is still remaining transport capacity, this will not be used, as channels 
are not currently allowed to erode in CASC2D-SED. 

Sediment settling:  Once sediment has been routed in overland and channel cells, the suspended 
sediment portion is allowed to deposit.  The percentage of suspended sediment fraction, 
PercSetti, that is allowed to settle depends on the fall velocity corresponding to the median size 
fraction diameter, ωi, elapsed time (i.e. computational time step, dt) and water depth (h) in the 
cell. 

 
     otherwise            1PercSett 

dt* >h    if 
h
dt  PercSett 

i

ii

=

= iωω
 (8) 

Deposit is thus allowed to deposit for no flow conditions, like for example in DEM sinks. 

FIELD APPLICATION 

The model CASC2D-SED is applied to the Goodwin Creek watershed in Mississippi for 
comparison with field measurements of surface runoff and sediment discharge at the outlet and at 
other internal locations within the basin. 

Goodwin Creek, MS, is operated by the ARS-National Sedimentation Laboratory (NSL), and is 
organized and instrumented for conducting extensive research on upstream erosion, instream 
sediment transport, and watershed hydrology (Alonso, 1996; Blackmarr, 1995).  The watershed 
has a database compiling runoff, sediment, and precipitation at several locations from 1981 until 
1996.  Figure 2 a), and b) show the watershed location, and channel network and raingages 
location, respectively. 
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c ) a ) 

d ) 

b ) e ) 

Figure 2. Goodwin creek watershed a) location and channel network and stream gages, b) 
raingage locations, and  c) DEM, d) soil type and e)  land use grids 

Site description:   

The watershed flows approximately from northeast to southwest, draining a total area of 21.4 
km2.  The terrain elevation ranges from 71 m. to 128 m. above mean sea level, with an average 
channel slope of 0.004 in Goodwin Creek.  The Digital Elevation Model (DEM) at 30-m spatial 
resolution of Goodwin Creek is found in Figure 2c. 

In Goodwin Creek, two major soil associations are mapped.  The Collins-Fallaya-Grenada-
Calloway association are silty soils, poorly to moderately well-drained, and cover most of the 
cultivated area in the watershed.  The Loring-Grenada-Memphis association are well to 
moderately well-drained soils on gently sloping to very steep surfaces and include most of the 
pasture and wooded area in the watershed (Blackmarr, 1995).  The Goodwin Creek soils map at 
30-m spatial resolution is found in Figure 2d.  

The land use and management practices influence the rate and amount of sediment delivered to 
streams from the upland.  The Goodwin Creek watershed is largely free of land management 
activities with 13 percent of its total area being under cultivation and the rest in idle, pasture and 
forestland.  The land use map at 30-m spatial resolution is presented in Figure 2e. 

 6



 

Input data:  In CASC2D-SED, geospatial data are input as raster maps (grids).  Watershed relief 
is represented with a DEM.  Slope values and channel network are derived from this DEM.  
Channel characteristics are taken from surveys or from remote sources.  The soil grid is 
reclassified to infer CASC2D parameter values related to infiltration (saturated hydraulic 
conductivity, capillary head, and initial soil moisture) and erosion (soil texture and erodibility 
factor).  Interception depth, overland roughness coefficient, and the USLE cover factor are 
derived from the land use /land cover (LULC) grid.  Tables 1 and 2 show the calibration 
parameter values for the case study. 

Table 1. Soil infiltration and erosion parameter values for the test run 
Soil  

series 
Drainage 
condition 

Ksa 
[cm/s] 

Ga 
[cm] 

Md 
[cm3/cm3] KUSLE

b % Sandc % Siltc 

Calloway Poor 0.450 28 0.35 0.4 25 55 
Fallaya Poor 0.450 28 0.37 1 30 60 
Grenada Moderate 0.350 20 0.35 0.4 25 55 
Loring Mod/well 0.350 28 0.32 0.4 25 55 
Collins Mod/well 0.220 20 0.35 0.3 30 60 

Memphis Well 0.500 25 0.33 0.1 25 55 
Gullied Land Poor 0.220 15 0.38 0.1 25 55 

aRawls et al. (1983); bWischmeier and Smith (1978); cUSDA (1975) texture triangle 

 

Table 2. Land use parameter values for the test run. 

Land Cover Roughnessa Interception 
[mm] CUSLE

c PUSLE
c 

Forest 0.25 3 0.001 1 
Water 0.01 0 0 1 

Cultivated 0.15 1 0.1 1 
Pasture 0.2 1.5 0.02 1 

aWoolhiser (1975); 2 ; 3Wischmeier and Smith (1978) 

Input rainfall grids are calculated by interpolating rainfall rates in spatially distributed raingages.  
The storm event of October 17, 1981 was selected for the case study.  The event began at 9:19 
p.m. with a total rainfall duration of 3.5 hours and with very little rainfall preceding this event.  
Precipitation data from 16 raingages have been used within and just outside the watershed (see 
Figure 2b).  The total rainfall for this event varied from 5.7 to 7.9 cm with an average value of  
7.2 cm.   

Model Output: The runoff event on October 17, 1981 was calibrated for the 30-m resolution 
grid.  Outflow results for the described event show that CASC2D-SED is able to simulate the 
overall shape of the hydrograph, peak flow and time to peak at the basin outlet (see Figure 3a).  
At internal locations this is also true but for the smaller sub-basins, where the peak flows are 
sometimes under-predicted due to spatial rainfall patterns and the rapid translation of rainfall 
rates into outflows rates.   
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Observed and simulated sediment graphs are shown in Figure 3b.  Although rising and recession 
limbs of the sediment graphs follow the shape of those observed, peak sediment outflows are 
locally under-predicted at internal locations.  This is the subject of on-going research.  Observed 
vs. simulated values of the sediment yield at the basin outlet are shown in Figure 4a.  These 
values are found within 50% of the 1:1 line. 

       

a) b) 

Figure 3. Observed and simulated a) hydrographs and b) sediment graphs at the watershed outlet 
and at internal locations. 
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Figure 4.  a) Observed and simulated sediment yield at the outlet (1) and other internal locations 
(6,7,8, and 14).  b) Net erosion volumes [mm]. 

Spatially, there is practically no suspended sediment remaining at the end of the simulation but 
for a small amount of clay remaining in water sinks.  For about half of the total eroded sediment 
deposits in the overland and less than 10% deposits in channels.  The percentages of the total 
sand, silt and clay depositing on the overland are 65, 55 and 31% respectively.  This is due to the 
differences in the settling velocities of each of the size fractions.  There is no deposition of clay 
in channels while 25% of the eroded sand and 4% of the eroded silt deposit in the channels.  The 
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effect of both settling rates and transport capacity for each size fraction result in about 10, 40 and 
70% of the total eroded sand, silt and clay respectively, to leave the watershed at the outlet.  This 
result is comparable to observations, yet it is subject to further research. 

In agreement with field observations by Johnson (1997), there are simulated zones of erosion in 
the pasture lands along the watershed boundary, in the lower portion of the basin, and along the 
main stem and tributary channels.  Observed areas with very little erosion within sub-basin 8 and 
areas of deposition between stations 14 and 2 are also in agreement to simulated values (see 
Figure 4b).  Generally, zones of high erosion are coupled with zones of deposition conditions of 
low slope values 

GRID SIZE EFFECTS ON UPLAND EROSION 

Method: CASC2D-SED was used to simulate the change in erosion rates due to cell aggregation 
of the DEM from 30- to 330-m spatial resolution.  Goodwin Creek DEM was resampled using 
the bilinear interpolation method (ESRI,1994) from 30-m spatial resolution to 90-, 150-, 210-, 
270-, and 330-m.   

Temporally and spatially uniform rainfall events, uniform impervious soils (silty loam) and land 
use type (pasture) have been used in the simulations to isolate the topographic effect on erosion 
with increasing grid cell sizes.  The simulations are carried out using three different constant 
intensities of 5, 10 and 15 mm/h.  The rainfall duration was 1200 minutes so that the hydrograph 
equilibrium conditions are reached for each of the resolutions.  

Results: Aggregation of the cells caused smoothing of the basin’s relief.  While the mean and 
minimum elevations are mostly maintained for any of the resolutions, there is a reduction in the 
elevation range of about 8 m. from the smallest resolution (30-m) to the coarsest resolution (330-
m). Resampling of the elevation map from 30 to 330-m resolution also caused a change in the 
slope distributions as well (see Figure 5a).  The steepest slopes occur for the finest resolution and 
they vanish for coarser resolutions.  As the cell size increases, the slope average and standard 
deviation decrease (see Figure 5b).  The minimum slope value tends to increase slightly with 
increasing cell size while the maximum value decreases more significantly for coarser 
resolutions. 
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Figure 5. Slope distribution for all grid sizes: a) cumulative relative frequency; b) mean, 
maximum and standard deviation 
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For increasingly larger grid cell sizes, milder slope angles causes reduced overland water depth.  
The effect of both reduced slope and unit discharges will cause a reduction in the transport 
capacity predicted with the Kilinc and Richardson equation.  As a consequence, the gross erosion 
decreases with increasing grid cell sizes, with the larger decreasing rates simulated for the case 
of the larger events (see Figure 6a).  Mean erosion values in the basin expressed as a depth, are 
also shown to decrease proportionally with the inverse of the grid cell size (see Figure 6b).  
Large rainfall events are the ones that produce most of the sediment yield in a watershed.  Thus, 
the importance of the capability of the erosion model to simulate the erosion rates for large 
rainfall intensities, spatially within the watershed, and at the outlet. 
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Figure 6. a) Gross erosion [tons/ha] and b) mean erosion [mm] for each grid size and rainfall 
intensity 

CONCLUSIONS 

The model CASC2D-SED has been described in this paper and later, it has been applied on the 
Goodwin Creek watershed, Mississippi.  Rainfall data from 16 meteorological stations and 6 
stream and sediment gaging stations were used to calibrate the case study event.  Sediment 
erosion and deposition rates by size fraction were predicted both spatially and at internal 
locations.  The watershed DEM was later resampled from 30-m to 330-m spatial resolution to 
show the change in sediment prediction for increasing grid cell sizes.  GIS was used to display 
dynamically the output time series grids generated by the CASC2D-SED model as an MPEG 
video.   

The following conclusions can be drawn from this study: a) CASC2D-SED is able to simulate 
the hydrological response of a watershed subject to a spatially and temporally variable rainfall 
field; b) CASC2D-SED predicts erosion and deposition zones in a watershed.  The on-going 
research shows that these predictions qualitatively agree with the observations; c) Resampling of 
the DEM to larger resolution causes a reduction in the simulated gross and mean erosion values, 
with the larger decreasing rates simulated for the case of the larger events;  and d) Coupling 
CASC2D-SED with GIS improves the visual display of erosion and sedimentation rates and help 
in model verification. 
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INCORPORATING BANK-TOE EROSION BY HYDRAULIC SHEAR INTO THE ARS 
BANK-STABILITY MODEL 

 
Andrew Simon, Andrew J.C. Collison, Anthony Layzell, and Robert Thomas; USDA-

Agricultural Research Service, National Sedimentation Laboratory, Oxford, Mississippi 
 

INTRODUCTION 
 
 Sediment eroded from unstable streambanks is a major source of sediment to streams. 
High rates of channel widening can lead to considerable losses of agricultural land and has 
negative consequences to downstream aquatic habitat, water-supply reservoirs and infrastructure. 
The ability to predict stable bank geometries is central to developing reliable stream-restoration 
strategies and water-quality targets for sediment. Advances in mass-failure modeling of 
streambank stability have occurred over the past 20 years (Osman and Thorne, 1988; Simon et 
al., 1991; Rinaldi and Casagli, 1999) leading to the development of a numerical model that 
includes complex geometries, layering, and the effects of pore-water and confining pressures 
(Simon et al., 1999; 2000).  Because of the renewed interest in utilizing vegetation to enhance 
restoration practices and bank stability, the role of mechanical reinforcement of the roots of 
riparian vegetation needs to also be considered (Abernethy and Rutherford, 2000; Simon and 
Collison, 2002; Pollen et al., 2002).  Still, one of the critical issues in accurately modeling bank 
stability remained unresolved, the role of steepening of the bank toe by hydraulic processes. The 
purpose of this paper is to report on the development of a new numerical model that combines 
the geotechnical effects of in situ bank material (ARS Bank-Stability Model) with the effects of 
common riparian vegetation and the important hydraulic effects of bank-toe erosion. These 
modifications lead to improvements  in our ability to reliably predict the controls, causes and 
protection of mass-bank stability. 
 

STREAMBANK STABILITY 
 
Geotechnical Controls 
 

Streambank collapse occurs when the driving forces (stress) exceed the resisting forces 
(strength) of in situ bank material. The shear strength of saturated soil can be described by the 
Mohr-Coulomb criterion: 
 

τ f = c’+(σ -μ w) tanφ ’      (1) 
 
where τf = shear stress at failure (kPa); c’=effective cohesion (kPa); σ = normal stress (kPa); μw 
= pore-water pressure (kPa); and φ ’ = effective angle of internal friction (degrees). 

In incised stream channels and in arid or semi-arid regions, much of the bank may be 
above the water table and will usually experience unsaturated conditions. Matric suction 
(negative pore-water pressure) above the water table has the effect of increasing the apparent 
cohesion (ca) of a soil. Fredlund et al., (1978) defined a functional relationship describing 
increasing soil strength with increasing matric suction. Incorporating this effect into the standard 
Mohr-Coulomb equation produces (Fredlund et al. 1978): 
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τ f   = c’ + (σ - μa) tan φ’ + (μa - μw) tan φ b    (2) 

 
where (σ - μa)  = net normal stress on the failure plane at failure. The difference (μa - μw) 
between the air pressure (μa) and the water pressure in the pores (μw) represents matric-suction.  
The increase in shear strength due to an increase in matric suction is described by the angle φ b. 
The value of φ b is generally between 10º and 20o, with a maximum value of φ’ under saturated 
conditions (Fredlund and Rahardjo 1993; Simon et al. 1999 a). 

Apparent cohesion thus incorporates both electro-chemical bonding within the soil matrix 
and cohesion due to surface tension on the air-water interface of the unsaturated soil: 
  
    ca = c’ + (μa - μw) tan φ b  =  c’ + ψ  tan φ b        (3) 
 
where ca  = apparent cohesion (kPa); and ψ  = matric suction (kPa). 

The term φ b varies for all soils, and for a given soil with moisture content (Fredlund and 
Rahardjo, 1993; Simon et al., 1999; 2000). Data on φ b are particularly lacking for alluvial 
materials. However, once this parameter is known (or assumed) effective cohesion (c’) can be 
calculated by measuring matric suction with tensiometers or other devices using equation 3. 

Driving forces for streambank instability are controlled by bank height and slope, the unit 
weight of the soil and the mass of water within it, and the surcharge imposed by any objects on 
the bank top, bank surface, or within the bank mass such as roots. The ratio of resisting to 
driving forces is commonly expressed as the factor of safety (Fs), where values greater than one 
indicate stability and those less than one, instability. Streambank failure can occur by several 
mechanisms, including cantilever failures of undercut banks, toppling of vertically arranged 
slabs, rotational slumping, and wedge failures (Thorne et al., 1981). The type of failure reflects 
the degree of undercutting (if any) by fluvial scour or other mechanisms, and the nature of the 
bank materials. 
 
Effects of vegetation   

 
In recent years the use of vegetation in stream restoration has gained markedly in 

popularity. Although vegetation can be aesthetically pleasing in comparison to more traditional 
“hard” engineering techniques, quantifying the role of vegetation with regard to streambank 
stability has not been studied extensively. New deterministic research by Abernethy and 
Rurherford (2001), Simon and Collison (2002), and Pollen et al., (2002) have led to in improved 
understanding of the mechanical and hydrologic effects of riparian vegetation.  

 
Mechanical effects 

 
 Soil is generally strong in compression, but weak in tension. The fibrous roots of trees 

and herbaceous species are strong in tension but weak in compression. Root-permeated soil, 
therefore, makes up a composite material that has enhanced strength (Thorne, 1990). Numerous 
authors have quantified this enhancement using a mixture of field and laboratory experiments. 
Endo and Tsuruta (1969) used in situ shear boxes to measure the strength difference between soil 
with and without roots. Gray and Leiser (1982) and Wu (1984) used laboratory-grown plants and 
quantified root strength in large shear boxes. Wu et al., (1979) developed a widely-used equation 
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that estimates the increase in soil strength (cr) as a function of root tensile strength, areal density 
and root distortion during shear: 
 

cr = Tr (Ar / A) ( cosθ  tan φ + sinθ )           (4) 
 
where  cr = cohesion due to roots (kPa); Tr = tensile strength of roots (kPa); Ar /A = area of shear 
surface occupied by roots, per unit area (root-area ratio); θ  = shear distortion from vertical 
(degrees); and φ = friction angle of soil (degrees). The trigonometric expression part of equation 
4 represents variations in effective root strength due to the angle at which the root crosses a 
potential shear zone. It has been found to be relatively insensitive to variations in θ and φ causing 
that part of the expression to be generally estimated as 1.1 or 1.2 (Wu, et al., 1979; Abernethy 
and Rutherford, 2001).  

Root tensile strength can be measured in the laboratory or field and is highly variable, 
with typical values in the thousands to millions of Pascals (see Gray, 1978, for a comprehensive 
review of published data on upland species). Most authors note a non-linear inverse relationship 
between root diameter and strength, with smaller roots contributing more strength per unit root 
area.  Recent studies by Abernethy and Rutherford’s (2001) in Australia and Simon and Collison 
(2002) in the U.S. are exceptions. Available data indicate that most roots are found within the 
upper 50 – 100 cm of the soil profile (Jackson et al., 1996; Sun et al., 1997; Tufekcioglu et al., 
1999; Simon and Collison, 2002). 

In contrast, vegetation can affect streambanks by increasing surcharge. Surcharge has 
both a beneficial and a detrimental effect; it increases the mass acting on a potential failure 
surface and increases normal stress and, therefore, shear strength due to friction. Whether the net 
effect is stabilizing or destabilizing depends on the slope of the shear surface and the effective 
friction angle (φ’) of the soil, but in most cases it will be destabilizing due to the steep shear-
surface slopes of streambank failures. However in the case of streambanks, surcharge due to 
vegetation has been found to be negligible (Simon and Collison, 2002).  

 
Hydrologic effects 
 

Vegetation increases bank stability by intercepting rainfall that would otherwise have 
infiltrated into the bank, and by extracting soil moisture for transpiration. Both processes 
enhance shear strength by reducing positive pore-water pressure and encouraging the 
development of matric suction.  The hydrologic effects of riparian vegetation are even less well 
quantified than the mechanical effects. A recent study by Simon and Collison (2002) provides 
evidence of the significant role of transpiration from woody species in removing water from the 
bank mass and thereby increasing matric suction and apparent cohesion. However, the 
detrimental effects of increased infiltration rates and magnitudes were also identified. Still, the 
Simon and Collison (2002) study show a net positive effect of riparian vegetation on increasing 
bank stability even during wet periods of winter and early spring when transpiration is limited. 
Because of a general lack of sufficient species-specific data on the dynamics of the hydrologic 
effects, the improved bank-stability model does not yet account for these controls.  
 

ARS BANK-STABILITY MODEL 
 

An analytical method that accounts for variations in bank material as well as the effects 
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of pore-water and confining pressures was required to obtain a better understanding of bank-
failure conditions.  An Excel-based bank-stability model for cohesive, layered banks was 
developed by the USDA-Agricultural Research Service (Simon and Curini 1998; Simon et al. 
1999a; 2000), incorporating both the failure criterion of Mohr-Coulomb for the saturated part of 
the failure surface (equation 1), and the failure criterion modified by Fredlund et al., (1978) for 
the unsaturated part of the failure surface (equation 2). 

The model developed by the ARS, based on the Limit Equilibrium Method, accounts 
explicitly for several additional forces acting on a planar failure surface that are not included in 
earlier bank-stability models (Osman and Thorne 1988).  These include the force produced by 
matric suction on the unsaturated part of the failure plane (S); hydrostatic-uplift force due to 
positive pore-water pressures on the saturated part of the failure plane (U), and the hydrostatic-
confining force provided by the water in the channel and acting on the bank surface (P) (Casagli 
et al. 1997; Simon and Curini 1998; Simon et al. 1999a.  

The effect of matric suction on shear strength is reflected in the apparent or total cohesion 
(ca) term (equation 3). The hydrostatic-uplift (U) and confining (P) forces are calculated from the 
area of the pressure distribution of pore-water (hu * γw) and confining (hcp * γw) pressures (μw) 
by: 

U = γw hu
2 / 2 sin α     (5) 

 
P = γw hcp

2 / 2 sin β     (6) 
 
where γw = 9.81 kN/m3; hu = pore-water head (m); hcp = confining-water head (m); and α = 
failure-plane angle (degrees). The loss of the hydrostatic-confining force (P) provided by the 
water in the channel is the primary reason bank failures often occur after the peak flow and on 
the recession of storm-flow hydrographs.  

Multiple layers are incorporated through summation of forces in a specific (ith ) layer 
acting on the failure plane.  The factor of safety (Fs) is (Simon et al. 1999a; 2000): 

 
Fs = ∑ ci′ Li + ( Si tan φi

b) + [Wi cos β - Ui + Pi cos (α-β)] tan φi′   (7) 
∑ Wi sin β - Pi sin (α-β) 

 
where Wi  = the weight of the failure block, (kg); Li  = the length of the failure plane incorporated 
within the ith layer; and S = the force produced by matric suction on the unsaturated part of the 
failure surface, (kPa). Equation 7 represents the continued refinement of bank-failure analyses by 
incorporating additional forces and soil variability (Osman and Thorne 1988; Simon et al. 1991; 
Casagli et al. 1997; Curini 1998; Simon and Curini 1998; Rinaldi and Casagli 1999; Simon et al. 
1999a; 2000). 
 Worst-case (most critical) conditions occur when high levels of the phreatic surface are 
combined with low-flow levels of river stage. This is the classic “drawdown” condition where 
the counteracting effects of confining pressure are minimized and the conditions under which 
bank failures are most often reported.  Modeling of this and other combinations of pore-water 
and confining pressures can be accomplished in “static” or “dynamic” modes. For the static case, 
the user provides levels of the phreatic surface and river stage and the model calculates the pore-
water pressure distribution based on a linear variation with depth. 

The effects of mechanical reinforcement by vegetation on bank stability has been 
included in the ARS Bank-Stability Model as default values for various riparian species. The 
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magnitude of cohesion due to roots is added to the top one meter of the bank profile by selecting 
the type of species found from the drop-down box in the spreadsheet. Additional species are 
being added as further data collection takes place. 
 

HYDRAULIC EROSION OF BANK-TOE MATERIAL 

Bank-toe erosion during moderate and high flows can be an important destabilizing factor 
in streambank collapse, particularly in non-cohesive materials. Erosion rates of sands and gravels 
can be estimated using Shields-based approaches that rely on particle size and weight. Electro-
chemical bonding in cohesive materials makes this approach untenable and required an empirical 
solution based on field-based relations between erosion rate of cohesive materials and applied 
shear stress. Critical shear stresses and erodability coefficients can be obtained on in situ 
materials in the field with a submerged jet-test device (Hanson 1990; 1991).  

Results from about 300 submerged jet tests conducted in cohesive materials in Arizona, 
England, Iowa, Italy, Kentucky, Mississippi, Missouri, Montana, Nebraska, and Tennessee were 
used to develop a general relation between erosion rate and shear stress (Hanson and Simon, 
2001) (Figure 1). An inverse relationship between τc and k was observed, where soils exhibiting 
a low τc have a high k and soils having a high τc tend to have a low k:  

 
k = 0.1τc

-0.5      (8) 
 
where k = erodibility coefficient, (m3/N-s); τc = critical shear stress (Pa).  Results indicate that 
there is a wide variation in the erosion resistance, spanning 6 orders of magnitude for τc and four 
orders of magnitude for k. Some of the same trends were observed as those observed by 
Arulanandan et al. (1980) on laboratory flume testing of soil samples from streambeds across the 
United States.   
 
 

Figure 1—Relation between erodability coefficient k and critical shear stress τc 
based on tests from the United States and Europe. 

 5



In the bank-toe algorithm, we use an excess shear-stress approach and a simplified, rectangular-
shaped hydrograph. The shear stress (τo) operating on the bank material is determined from: 
 
                                                               τo = γ R S      (9) 
 
where τo is the applied shear stress (Pa), R is local hydraulic radius (m) and S is channel slope 
(m/m). The average shear stress exerted by the flow on each node, is determined by dividing the 
flow area at a cross section into segments that are affected only by the roughness on the bank or 
on the bed and then further subdividing to determine the flow area affected by the roughness on 
each node. The line dividing the bed- and bank-affected segments is assumed to bisect the 
average bank angle and the average bank toe angle. The hydraulic radius of the flow on this 
segment is the area of the segment (A) divided by the wetted perimeter of the segment (Pn), and S 
is the channel slope. Fluid shear stresses along the dividing lines are neglected when determining 
the wetted perimeter. An average erosion distance is computed by comparing the average shear 
stress exerted with critical shear stress and erodabilty for each node for the specified duration of 
the peak. 
 It is assumed that the rate of erosion ε  (in m/s) is proportional to the shear stress in 
excess of the critical shear stress and is expressed as: 
 

ε = k (τo - τc)      (10) 
 
Erosion is then calculated as a function of the amount of time that the bank-toe materials are 
experiencing shear stresses in excess of the critical values of the material. 
 

BANK-TOE EROSION ALGORITHM 
 

To use the model begin with the 'Input geometry' sheet and proceed to the 'Input 
materials' sheet. The calculated profiles and erosion values may be viewed in the 'Output' sheet. 
 
1).  Bank geometry may be input in two ways. First, ‘Option A’ allows a surveyed bank 
geometry to be entered to give a compound slope. Alternatively ‘Option B’ will generate a bank 
profile based upon a given bank angle, bank height, bank-toe angle and bank-toe length. If 
'Option B' is selected the bank automatically scales so that the top bank width is one m. The bank 
profile may be viewed in the ‘Input materials’ sheet.  
 
2).  The user must divide the bank into stratigraphic layers. The nature of the material for each 
layer will be assigned later (the 'Input materials' sheet). The bank is divided by entering the 
thickness of each layer. Note that the total-layer thickness should be at least equal to the given 
bank height. The layers may be viewed in the ‘Input materials’ sheet. 
 
3).  To calculate shear stress exerted by the flow, flow depth and slope values need to be entered 
into the appropriate boxes and the 'Run Shear Stress Macro' button pressed. In addition, the 
duration of the flow peak must also be specified here. 
 
4).  The erodability must be assigned for each stratigraphic layer in the bank and for the bank toe 
material. Note that in this version of the model the bed is considered non-erodable or ‘fixed’. 
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Should τo and k of a given material be known, ‘Enter own data’ must be selected from the drop 
down list for a given layer/material. If only the critical shear stress is known or approximated, 
the erodability coefficient can be calculated at the bottom of the sheet from equation 8. 
Alternatively should no data be available, approximate values may be used by selecting a 
material type from the drop down boxes. Note that the effects of protection may be applied to the 
bank and the bank-toe material by selecting the appropriate type from the drop down boxes. 
 

EXAMPLE CASE STUDY: MISSOURI RIVER, EASTERN MONTANA 
 

The U. S. Army Corps of Engineers plans to modify the spring flow regime of the 
Missouri River downstream of Fort Peck Dam, to facilitate migration by pallid sturgeon.  The 
planned regime will involve raising discharge from a base flow level, taken to be 216 m3/sec 
(8,000 ft3/sec) to 675 m3/sec (25,000 ft3/sec) over 12 days, maintaining the flow from six to 36 
days, and then returning the flow to the original base level over 12 days.   

The potential impact of the proposed flow regime was investigated using three models in 
combination. Initially a finite-element hydrology model (SEEP/W) was used to evaluate the 
effect of the proposed flow regime on pore-water pressures within the bank. The stability of the 
streambanks were then modeled using the ARS Bank-Stability Model. The ARS Bank and Bank- 
Toe Erosion Models were utilized to investigate the effects of maintaining high flows on rates of 
bank and bank-toe scour. Finally, the stability of the streambanks, accounting for bank and bank-
toe erosion at various stages during the flow regime, were modeled again using the ARS Bank-
Stability Model. Figure 2 shows the locations of the sites and Table 1 lists the parameter values 
used during modeling. All of the data shown in Table 1 were obtained in situ in the field or from 
laboratory analysis of samples obtained at the sites during 1998 and 2001 (Simon et al., 1999b; 
2002).  
 
Figure 2—Location map of study sites along the Missouri River, eastern Montana. 
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Table 1 -- Parameter values used in modeling bank stability and bank-toe erosion at sites along 
the Missouri River, eastern Montana. 

 
Site 

name 
River 
km 

Soil 
type 

Friction 
angle, φ’ 
(degrees) 

Cohesion, 
c’  

(kPa) 

Sat. unit 
weight, 
(kN/m3) 

 
φ b 

(degrees) 

Sat. 
conduct. 

(m/s) 

 
τc 

(Pa) 

 
k 

(cm3/N-s)
Tveit- 
Johnson 

2613 CL 
CH 
SM 

26.9 
5.5 

32.9 

9.4 
31.5 
1.85 

20.6 
20.8 
23.0 

17 
17 
17 

3.5 e-7 
2.3 e-8 

5.0 e-6 

7.06 
10.0 
1.34 

0.38 
0.32 
0.86 

Pipal 2761 SM 
CL-CH 

SM 

37.7 
13.4 
37.9 

0.0 
22.3 
0.0 

21.0 
21.4 
20.9 

17 
17 
17 

8.5 e-6 
2.3 e-8 
8.5 e-6 

1.34 
10.0 
1.34 

0.86 
0.32 
0.86 

 
River kilometer 2613: Tveit-Johnson site 
 

The streambank is 9.6m high and is composed of a basal layer of sandy silt 
approximately 4.5m thick with an upper layer of light-brown clay and an intermediate layer of 
blue-gray clay approximately 0.7 m thick. Initial results show the streambank to be stable (Fs = 
1.69) during baseflow conditions.  

Figure 2 indicates that negative pore-water pressure in the streambank decreases during 
the initial 12-day rise in stage. Stability increased marginally with the rise in stage due to 
confining pressure (Fs = 1.71 after 12 days assuming no bank-toe erosion). During drawdown the 
streambank drained rapidly and experienced a relatively slight decline in stability as confining 
pressure was released (Regime 1: Fs = 1.54, Regime 2: Fs = 1.46, Regime 3: Fs = 1.40) after 
drawdown and assuming no bank-toe erosion.  The plot for Regime 1 shows that Fs had not 
started to recover at the end of the flow release, so this simulation was extended to ensure that Fs 
did not reach a critical level. 

Although the un-eroded bank appears stable for the three flow scenarios, Figure 2 
indicates that streambank failure is possible when accounting for the bank-toe erosion associated 
with these flows. End-of-simulation Fs values that account for hydraulic erosion are: Regime 1: 
Fs = 1.31, Regime 2: Fs = 1.13, and Regime 3: Fs = 0.98. As with the non-eroded simulation, 
under Regime 1 the Fs value had not recovered at the end of the initial period and an extended 
simulation was performed, resulting in a minimum Fs value of 1.28 after 70 days. Increasing 
amounts of bank-toe erosion also led to progressively larger failure masses with each successive 
flow regime.   

The results highlight the vulnerability of this site to prolonged high flows due to bank-toe 
erosion of the relatively erodable basal layer of sandy silt. About 1.5 m of bank-toe erosion is 
simulated under the shortest-duration flow scenario (Regime 1), with about 2 m for the longer 
regimes. Thus, the hydrologic effects of the proposed flow alterations are minimal compared to 
the hydraulic effects at the bank toe, indicating that protection of this basal area could help 
protect the bank from mass failures.  

 
River kilometer 2761: Pipal site  
 

The streambank is 6.7m high and is composed of homogenous dark-brown silty clay. 
Initial results show the streambank to be conditionally stable (Fs = 1.28) during baseflow 
conditions. Figure 3 indicates that negative pore-water pressures in the streambank decline 
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Figure 2 -- Impact of proposed flow regimes on pore-water pressure, bank-toe erosion and 
resulting bank stability for Tveit-Johnson site, river kilometer 2613. 
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steadily during the initial 12-day rise in stage. Stability declines sharply as the loss of matric 
suction is more severe than the increase in resisting force due to confining pressure. The loss of 
negative pore-water pressure continues during the maintenance of peak-stage levels due to 
continued infiltration into the streambank. This continued loss of strength during peak stage 
results in bank failure during the three flow scenarios with minimum Fs values of 0.94, 0.91, and 
0.88, assuming no bank-toe erosion. By accounting for hydraulically induced bank-toe erosion, 
Fs values are further depressed to 0.88, 0.81, and 0.75 for the three flow regimes. Thus, in the 
case of the Pipal site, the hydrologic effects of the proposed changes in flow regime are more 
significant in destabilizing the bank than the effects caused by bank-toe erosion. 
 

CONCLUSIONS 
 
The ARS Bank-Stability Model has been combined with a model of hydraulically 

induced bank-toe erosion to produce a robust modeling system that can be rapidly used to 
evaluate the controls, causes, and protection of bank stability. Examples from the Missouri 
River, eastern Montana are provided to demonstrate the utility of the combined models. 
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SUMMARY 

The majority of the distributed hydrological models require the processing of the 
topographical information into a digital terrain model (DTM). The foregoing is needed to 
describe the overland flow, which contributes to the generated runoff. The DTMs can thereby 
be derived in various ways. The paper describes 4 methods, which are further divided into 9 
approaches, for the generation of the digital elevation maps for grid cells of 600x600 m. Each 
digital elevation map is built as a lattice using interpolation techniques available in Arc/Info 
and MIKESHE modelling code. The objective is to evaluate the effect of the different methods 
of generating the digital terrain model and its scale of interpolation on the performance of the 
MIKE SHE model. The methods were applied on the raw topographic data of the Jeker 
catchment, situated in the rolling loamy region of Belgium. The pre-process analysis revealed 
that the 1st and 2nd method fully executed in Arc/Info yield better results, i.e. less deviations 
with the real topography, than the 3rd and 4th method, of which the results seems to be affected 
by the T2-interpolation tool of the MIKE SHE modelling code and the conversion methods 
used for exchange of data format. The post-process examined the model performance based on 
the runoff generation at the basin outlet discharge station to find the optimum approach, which 
will be suitable for the model application. 

INTRODUCTION 

Water resources assessment requires good hydrological data and the application of suitable 
modelling techniques. In some cases the focus is concentrated on surface water, while in other 
cases the focus is on groundwater, but a combination of those two is required where the 
interaction of surface water and groundwater is important. For the latter, more comprehensive 
modelling tools are required, such as distributed physical-based integrated catchment models 
(Refsgaard and Abbott, 1996). These models give a detailed and potentially more correct 
description of the hydrological processes in the catchment than do the statistically based model 
types (Refsgaard and Storm, 1996). A first attempt to outline the potential and some of the 
elements in a distributed physical-based model on a catchment scale was made by Freeze and 
Harlan (1969). 
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Distributed hydrological models require a digital description of the topography. The 
foregoing is needed to describe the overland flow, which is generated when the topsoil 
becomes saturated. The routing of the water in the physically based MIKE SHE is described 
using the St. Venant equations (Preissman and Zaoui, 1979). This equation makes use of the 
land slope. To obtain a very accurate estimation of the slope, it is necessary to know the 
elevation in as many locations as possible over the catchment. 

The use of GIS in hydrology evolved along with the growing popularity of GIS in general. 
Where GIS was mainly used as hydrological mapping tools in the early days, nowadays it plays 
an increasingly important role in hydrological modelling studies (Devantier and Feldman, 
1993). In process of modelling, GIS can play an important role both in the preparation of model 
input and in the presentation of the results of so called decision variables (Deckers and Te 
Stroet, 1996). 

MATERIALS 

The GIS application Arc/Info (ESRI, 1997) and the well-known MIKE SHE hydrological 
model (Refsgaard & Storm, 1995) were used to perform the analysis. 

The physically based MIKE SHE model is dividing the watershed in a set of grid cells, 
equal in size. The processes of the hydrological cycle are calculated at the level of each cell, 
and the fluxes leaving a cell are used as input in the neighbouring downstream cells. 
Hydrological variables and parameter values should be representative at the level of the grid 
cell. As such the topographic information of the catchment needs to be translated into a grid of 
elevations, whereby the elevation of each square cells is constant. All locations within the cell 
are assumed to have the same value as the centre of the grid cell. 

A detailed representation of the topography requires a huge amount of data, and thus a very 
long processing time. Therefore to obtain realistic times for computation, the grid resolution 
has often to be enlarged. Depending on the size of the catchment area a grid resolution that still 
assures the accuracy of the modelled basin should be determined. For the Jeker basin with an 
area of 465 km2 a grid resolution of 600x600 m was chosen. The choice was based on the 
assumption that a 600x600 m grid cell is accurate enough for modelling the hydrology of the 
basin (Feyen et al., 1999).  

The Jeker catchment (see figure 1) is situated in the central-eastern part of Belgium. The 
basin is predominantly occupied by rural area with mainly arable fields. The most common soil 
type in the basin is loam. The topography of the basin is rolling, very typical for the loamy 
region in Belgium. The raw topographic data were obtained from the National Geographic 
Institute of Belgium. The digital terrain model (DTM) was derived from the digitised contour 
lines of the topographic map at scale 1/10.000. The DTM was converted to the Lambert co-
ordinate system. The output of the digitisation is a text-file with the x, y and z co-ordinates. 
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Figure 1. Topographical map for the Jeker catchment with the river network in a 600-model grid 

together with the location of the main discharge station and the basin location with respect to 
Belgium. 

 

METHODS 

PRE-PROCESSING 
This is to derive out of the raw topographic data, using the different methods, a regular 

network of digital elevations, which serves as input for the MIKE SHE modelling code. 
For the design of the topographic layer, four methods were applied and tested (Abu El-Nasr 

et al., 1999). The first method builds directly a lattice by means of a triangular irregular 
network (TIN); a second method is based on the construction of a grid by an overlay of a 
regular grid with the point data; a third method creates a topographic map with contour lines 
and converts this contour lines to a lattice structure by use of the MIKE SHE code; the fourth 
technique consists of the direct input of the point data into MIKE SHE to obtain a lattice as 
output. The use of the topographic information on a different scale might have an impact on the 
properties of the topographic data layer. This and the different interpolation techniques used 
resulted for Method 1 in 3 variations of topographic data layers, Method 2 in 4 alternative 
topographic data layers and for Method 3 and 4 in one topographic data layer. Figure 2 below 
summarizes the steps in each method and the variants on this method to convert the ASCII-file 
of topographic data into a lattice of elevations for grid cells of 600x600 m. 

Multiple sets of criteria were used to compare the different alternatives and the ones with 
minimal errors were selected for the post-process. The first criterion derived was the residual 
error, being the difference between the real surface elevation and the interpolated value. A 
second set of criteria is based on statistics. First basic statistics, such as the minimum and 
maximum, the mean and standard deviation, were calculated for every lattice. These were 
calculated for the dependable variables; the elevation; the slope and the direction of slope 
(aspect) in every cell of the entire catchment for the nine methods. Secondly, the variances of 
those variables were subject to statistical tests, enabling to decide whether the nine approaches 
differ significantly or not.  
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Figure 2. Overview of the four different methods, subdivided in nine approaches, used for the creation 

of the different topographic data layers. 
 
Different tests (Sokal & Rohlf, 1997) were performed. First the variances are tested on their 

homogeneity using Levene’s test. If the variances are not significantly different, the one-way 
ANOVA test (statistical test to see if the independent samples are from different populations or 
not) is executed to test the significance difference of the means originating from the nine 
different approaches. If a difference was detected, the multiple comparison Tukey test is 
applied to discover which pairs of means are different from each other. If the Levene’s test turn 
out positive (variances differ significantly), the non-parametric Kruskal-Wallis test, is applied 
to see whether the means are significantly different and if they are, which pairs of means are 
different from each other (Siegel & Castellan, 1988). The third and last criterion derived from 
the lattices and used for the comparison of the different procedures is the streamline 
configuration. In this criterion the river network is vectorized according to its direction. Those 
streamlines are compared with the actual layout of the river path. 

 
POST-PROCESSING 

This includes the application of the MIKE SHE using the previously selected alternatives. 
Six years of available historical data was used in a typical split-sample technique, three for 
calibration and three for validation. All the different data layers (land use, soil… etc) were 
prepared in GIS and transferred into MIKE SHE format.  

The daily run-off generated at the outlet discharge station was compared with the observed 
stream flow for all the different topographic layer inputs. A set of well-known performance 
criteria indices were used to perform the analysis being; Root Mean Square Error (RMSE), 
Determination Coefficient (R2), Modeling Efficiency (EF), Mean Absolute Error (MAE) and 
the Bias (Loague and Green, 1991; Gupta et al., 1998; Legates and McCabe, 1999; Xevi et al., 
1997). 
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RESULTS AND DISCUSSION 

PRE-PROCESS PHASE 
The results in Table 1 below revealed that Methods 1a, 1b, 1c, 2b, 2c and 2d have a very 

similar distribution of residual errors, strongly different from the distribution of residual errors 
calculated for Methods 2a, 3 and 4. The latter 3 methods yield a higher frequency in the larger 
classes of residual error, indicating that the elevations of the cells in the lattice deviate more 
from the actual surface elevation, as compared with the other methods. 

 
Table 1. Distribution of the residual errors per residual error class for the 9 methods 

Residual error range (%)  
M. 0.0-0.02 0.02-0.05 0.05-0.10 0.10-0.30 0.30-0.50 No data 
1a 
1b 
1c 
2a 
2b 
2c 
2d 
3 
4 

61.8 
61.3 
61.6 
44.9 
61.9 
61.6 
60.4 
46.3 
49.1 

30.3 
31.1 
30.7 
23.9 
29.7 
30.0 
30.6 
38.5 
37.3 

5.6 
5.1 
5.4 
4.3 
5.9 
5.9 
6.7 
8.5 
8.2 

2.2 
2.3 
2.1 
8.0 
2.4 
2.4 
2.1 
6.7 
5.4 

0.1 
0.2 
0.2 
0.2 
0.1 
0.1 
0.2 
0.0 
0.0 

0.0 
0.0 
0.0 
25.1 
0.0 
0.0 
0.0 
0.0 
0.0 

 
The reason of the difference of Method 2a with respect to the other methods is likely due to 

the fact that the cell resolution of 30x30 m resulted into a large number of cells with no data. 
The cell size was probably too small to assure that every cell is covering at least one point of 
the point coverage. The observed deviation in distribution of residual errors for the Methods 3 
and 4 is most likely affected by the T2-interpolation tool of the MIKE SHE code and was 
derived either directly from the contours lines or from the raw data. 

The results of the statistical analysis confirmed the results of the residual error and the 
different methods were grouped in three significantly different groups (no significant 
difference within each group): group A includes methods 1 and 2 except for 2a, which was 
included in group B and finally group C for methods 3 and 4. 

The visual comparison of the streamlines, see an example in figure 3, which generated in 
Arc/Info assured the previous results, the streamlines of methods 1 and 2 (except 2a) matches 
considerably better with the actual river network than the other two methods, which showed 
lots of gaps. 
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Figure 3. Line drawing should use clear thickness and letters in font size 11, not bold. 

 
It is worthwhile mentioning that to facilitate the calculation processes only 1000 randomly 

chosen points, but spatially distributed over the catchment were used. 
All the transformation from Arc/Info to MIKE SHE and visa versa are done using set of perl 

programs (Christianes et al., 1999). 
 

POST-PROCESS PHASE 
The MIKE SHE model was calibrated and validated for 6 years of available data with a 

traditional split-sample technique. This was applied using the default topographic option 
(method4). The different performances for the different topographical layers were obtained by 
changing the topographical input and observe the effect. 

The model calibration was mainly based on three parameters; the first parameter is the 
drainage level as its effect depends on the average phreatic surface position; the second 
parameter was the time constant, which determines the velocity of the drainage, i.e. if the 
channel component is active the height of the peaks and the tailing of the recessions on the 
river discharge. The drainage level was kept around -0.50 m and the time constant was 9.6e-8s-
1; the third is the vertical and horizontal hydraulic conductivity for the saturated zone, which 
influenced by the type of the geological layers available in the basin.  

 
The actual geological formation consists of the following six geological layers ranked from 

top to bottom: the Limon or Quaternary layer (mainly silt and clay where the alluvium appear 
along the river path), the Sables Teritaires or Sandy Tongerian layer, the Conglomerat á Silex 
or the Conglomerate Flint layer, the fractured Cretaceous Chalk layer, the Hard Ground layer 
(which is 1m thickness dividing the chalk layer into old and new formations), and finally the 
compacted Cretaceous Chalk layer.  

In this phase one can re-confirm the previous results, which were obtained from the pre-
process phase. Out of initially nine different alternatives, eight were chosen except method 2a, 
which was excluded due to the high number of no-data points. 
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The result of the run-off generation at the main outlet discharge station for the best match, 
which is representative for method 2b is shown in figure 4 & 5. Figures 4 & 5 show the 
calibration and validation periods with its scatter plot. 
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Figure 4. Observed and simulated river flow at the main discharge station as flow hydrograph and 

scattered plot for method 2b, for the calibration period 
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Figure 5. Observed and simulated river flow at the main discharge station as flow hydrograph 

and scattered plot for method 2b, for the validation period 
 
The pre-defined six geological layers were reduced to three computational layers in the 

model structure by adding the similar layers together, this was to reduce the problems arising 
from the sparse distribution & the small thickness of some of the small geological layers that 
slow the computational process as a consequence of its interaction with the ground water 
levels. 

To avoid loosing some of the available time series in warming up the model, a spatially 
distributed initial conditions were introduced for the average ground water levels on the whole 
catchment, this was based on the available time series for some observation wells in the 
catchment. 

The vertical hydraulic conductivity in the saturated zone and the time constant were able to 
control the peak flows. The specific yield was able to control the fluctuation. While the 
drainage level and the horizontal saturated hydraulic conductivity were able to control the base 
flow. The performance of the river flow was examined using set of statistical criteria. Table 2 
shows the results for the calibration period and table 3 shows the results for the validation 
period. It can be concluded from this table that the methods 2b and 2c performed better than the 
rest of methods especially in the calibration period in the following indices: the modeling 
efficiency (EF), mean absolute error (MAE) and the Bias, with very slight achievement of 
method 2b over 2c especially for the visual distribution of the discharge comparison in the 
scatter plots, which is not included in here.  
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A general remark was realized that the model tends to underestimate the peaks and 
overestimate the base flow. However better performance is still expected after re-calibrating 
the previous results, especially for the validation period as the final chosen topography will 
enhance the final output. A general conclusion from those tables, especially in the calibration 
period, is that the methods affected by GIS manipulation; M1a, M1b, M1c, M2b, M2c and M2d 
performed better than method 3 and 4, which was affected by the MIKE SHE interpolation 
techniques that re-confirm the previous results of the pre-process phase. 

 
Table 2. Statistical indices for calibration 

 RMSE R2 EF MAE Bias 
M1a 0.23 0.70 0.65 0.42 -0.24 
M1b 0.23 0.68 0.64 0.43 -0.19 
M1c 0.23 0.69 0.65 0.42 -0.18 
M2b 0.21 0.70 0.70 0.35 -0.07 
M2c 0.21 0.70 0.70 0.35 -0.09 
M2d 0.26 0.68 0.54 0.53 -0.37 
M3 0.26 0.64 0.54 0.48 0.29 
M4 0.26 0.64 0.55 0.47 0.28 

 
Table 3. Statistical indices for validation 

 RMSE R2 EF MAE Bias 
M1a 0.22 0.75 0.71 0.36 -0.17 
M1b 0.23 0.69 0.69 0.36 0.01 
M1c 0.23 0.69 0.69 0.36 0.01 
M2b 0.22 0.73 0.72 0.34 -0.1 
M2c 0.23 0.72 0.71 0.35 -0.12 
M2d 0.22 0.73 0.71 0.36 -0.13 
M3 0.25 0.71 0.65 0.34 0.21 
M4 0.25 0.70 0.64 0.34 0.21 
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CONCLUSIONS 

Starting from the raw data file with topographic information of the Jeker basin, nine 
techniques, which can be grouped in 4 different methods, were applied to generate digital 
terrain models, representative for grids with the dimension of 600x600 m.  A pre-process 
analysis based on GIS was used to calculate for the nine lattices a number of properties such as 
the elevation, slope, direction of slope (aspect) and streamline configuration. From these 
properties, basic statistics such as minimum, maximum, mean and standard deviation were 
calculated. A number of statistical tests were applied to test the homogeneity of the data sets 
and to verify if the calculated properties are significantly different or not.  
To characterise the accuracy of the generated elevation data, the elevation of the lattice with 
cells of 600x600 m were compared with the real elevation of the surface. For this analysis, an 
overlay was made between the elevation of the grid cells with the elevation of 1000 randomly 
chosen data points of the raw data matrix. The distribution of the residual error for increasing 
classes of the residual error was reconstructed for each lattice. 
The chosen topography layers, based on the pre-process analysis were further investigated in 
the distributed physically based MIKE SHE model. The model was calibrated and validated 
using six years of historical data and the generated stream flows at the main discharge station 
for the different topographic inputs, were compared. It was concluded that method 2b, i.e. 
constructing a grid by resembling from 60x60m to 600x600m, was the best approach to 
represent the observed stream flow, i.e. the most accurate approach to represent the topography 
within MIKESHE.  
From the different analysis conducted it is clear that Methods 1 and 2 yielded a more accurate 
reconstruction of the real topography. Method 2a was excluded from further analysis due to the 
high number of no data. For the Methods 3 and 4, there are many locations where the residual 
error is more than 10 percent for the higher classes. The foregoing can be partially explained by 
the fact that the first two methods are fully executed in Arc/Info, while the other two methods 
are both influenced by the T2-interpolation tool of the MIKE SHE modelling code. 
Nevertheless the 4th method (the default method of MIKE SHE) is very attractive, because the 
point data are, after conversion, direct input for the MIKE SHE code.  
Although the final comparison using MIKESHE did show that method 2a gives better results, 
there was no significant difference between the eight methods that were investigated in the 
second phase.  
The two interpolation techniques used for the re-sampling, namely the bilinear interpolation 
and the cubic convolution seems to have no significant effect. Although the bilinear 
interpolation is better in some cases, in general both interpolation techniques yield results, 
which are not significantly different. 
Comparing the results of the Methods 2a, 2b and 2d enabled to derive the effect of upscaling on 
the accuracy of the interpolated lattices. One should expect that the smaller the cell dimension 
before aggregating the higher the quality of the resulting lattice. Although Method 2a with cell 
resolution 30 m was expected to yield a more accurate result, this method was not adequate 
because of the large number of cells with no data. The cell size of 30x30 m was too small to 
assure that every cell is covering at least one point of the point coverage. The analysis revealed 
further that aggregating the cell size of 60x60m gives hardly better result than the direct 
calculation of the cell size 600x600m. 
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The main aim of this paper is to examine the model performance against errors in manipulating 
the topographical inputs, rather than showing the model capability to model the catchment 
because that would require further study to other hydrological aspects such as the ground water 
response, water content... etc. This will be included in the future analysis for the model 
application for this catchment. 
Although there was some critiques that the high resolution of the grid size (600x600m) is too 
big to observe the change of the topography and its effect on the overland flow and 
consequently on the model performance, and that was obvious in the close values of the 
performance indices, a conclusion can be reached and the methodology is established. Another 
way to increase the differences between the different methods is to apply more rigorous 
calibration for all model set-ups, which corresponds to the eight alternatives. 
Further recommendation that can be added to such study and based on the above mentioned 
critique is to include the effect of upscaling of the grid size within MIKESHE itself with much 
coarser grids (300x300m, 400x400…etc) to the upscaling of topography, but this of course will 
increase the number of assumptions tremendously, and hence the consuming time required for 
the application of such complex model. 
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Abstract  The 3700-ha Town Brook Watershed (TBW), located in Delaware County, New York, 
is part of the watershed system that supplies drinking water to New York City.  Agriculture in 
this watershed is mainly dairy, with cropland being confined to that supporting the dairy 
industry.  Phosphorus (P) is the major water quality pollutant of concern in this area, with P 
pollution thought to be the result of runoff emanating from manured fields and barnyards.  
Ongoing efforts to control P loss have involved the implementation of on-farm best management 
practices (BMPs) applied on a farm-by-farm basis within the watershed.  There is, however, a 
need to determine the effects of these BMPs in decreasing P losses at the watershed scale, 
particularly since it is intended that BMP implementation cover the TBW and, eventually, the 
entire New York City water supply watershed system (510,000 ha).  This study is aimed at 
establishing a methodology to evaluate the effectiveness of the watershed-wide BMP effort by 
applying the Soil and Water Assessment Tool (SWAT) model and a related BMP assessment 
tool to the Town Brook Watershed.  SWAT is a distributed model that simulates runoff, stream 
flow, ground water, sediment and nutrient loading on a daily time step.  The BMP assessment 
tool provides a means of obtaining effectiveness estimates based on site characteristics.  We first 
present model simulations of flows and P loads from selected hydrologic response units, as well 
as at the watershed outlet, representing current levels of BMPs installed.  We then examine 
various post-BMP scenarios consistent with the current approach to BMP implementation on the 
watershed.  Finally, we discuss model application in targeting critical source areas of P loss in 
context of BMPs. 
 

INTRODUCTION 
 
In their entirety, the New York City watersheds cover 510,000 ha (1,969 mi2) in eight counties 
north and North West of the City, and contain 19 reservoirs and three controlled lakes that are 
the sources of water supply for the city (NYCDEP, 2000; WAC, 1997).  These reservoirs provide 
approximately 4.9 GL (1.3 billion gal) of water daily to over 8 million people– who include New 
York City residents, visitors, commuters and residents of surrounding areas (NYCDEP, 2000; 
WAC, 1997).  
 
The Cannonsville Reservoir (Figure 1), one of the City’s reservoirs, is affected by eutrophication 
- the accelerated growth of algae and other aquatic plants in surface waters due to excess 
nutrients in these waters.  Human and wildlife concerns associated with eutrophication include 
repulsive taste and odor in drinking water, impairment of waters for recreation and industry, and 
toxicity to humans, fish and livestock (Sharpley, 1995).   Agriculture, wastewater treatment 
plants, and urban runoff are thought to be responsible for the high nutrient levels in this reservoir 
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(WAC, 1997).  As dairy farming is the largest industry in this region, however, excessive P 
loadings are thought to be primarily the result of manure generated on surrounding farms.  The 
manure is either accumulated in barnyards or applied to the land (WAC, 1997).  
 

New York State 

Cannonsville Reservoir 

The Town Brook Watershed 

Figure 1: The Cannonsville Reservoir and the Town Brook Watershed, New York  
 
Previous efforts at addressing the P problem led to a partnership between farmers and the City, 
and subsequently to the formation of a Watershed Agricultural Program (WAP) implemented by 
the Watershed Agricultural Council (WAC).  Between 1992 and 2002, the WAP has 
implemented a total of 1,256 BMPs on over 172 farms within the Cannonsville region 
(NYCDEP, 2001).  These include cropland BMPs, such as conservation tillage and crop 
rotations, as well as other BMPs focused on livestock facilities, such as barnyard runoff 
management systems.  The effectiveness of these practices has not been quantified.  It is 
intended that BMP implementation continues over the entire region, thus, the importance of 
establishing BMP effectiveness. 
 
This study establishes a means of assessing BMPs quantitatively, through the application of the 
Soil and Water Assessment Tool (SWAT, Arnold et al., 1998) coupled with a BMP assessment 
tool developed by the authors.  SWAT is a daily time step, continuous simulation, river basin or 
watershed scale model, designed for use in ungaged basins.  It simulates runoff, stream flow, 
ground water, sediment and nutrients at locations within the watershed and at the watershed 
outlet.  The BMP assessment tool was developed to facilitate BMP assessment for user-specified 
site soils and slopes, and to give user access to analyzed data and associated citations.  
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While the P problem in the Cannonsville Reservoir emanates from the entire Cannonsville 
region, this study focuses on the Town Brook Watershed (TBW; Figure 1), a 3700 ha 
agricultural sub area of the Cannonsville Reservoir Watershed.  Outlined procedures are, 
however, extendable to the entire Cannonsville region.  Because of the importance of critical 
source areas (CSAs) with regard to BMP placement (Gburek and Sharpley, 1998), this study 
focused on CSAs in making BMP assessments. 
 

MATERIALS AND METHODS 
 
This study was carried out in two parts: 
 

1. Application of the SWAT model to the Town Brook Watershed for determination of the 
pre-BMP scenario, and 

2. Application of a BMP assessment tool to selected areas within the watershed, and the 
subsequent use of tool outputs with SWAT model simulations. 

 
Application of the SWAT model to the Town Brook Watershed As an initial step in BMP 
assessment, the SWAT model was applied to the Town Brook Watershed under current 
conditions.  A 10-m DEM was used to provide base elevation data for watershed and sub-
watershed definition.  Base land use data was obtained from a 10-m land use classification grid 
derived from LandSat Thematic Mapper imagery.  Soil information was obtained from the 
SSURGO digitized soils data.  Land use and soil distribution thresholds for SWAT hydrologic 
response unit (HRU) definition were both set at 0% (i.e. 0/0% definition) in order to avoid 
lumping of land uses and soils, and thus avoiding “loss” of potential CSAs through lumping of 
smaller areas.  A total of 66 sub-watersheds and 1888 HRUs were defined for the watershed. 
  
Precipitation data was obtained from the Stamford station (W74◦38’ N42◦24’; Figure 1), while 
temperature data was taken from the next nearest station, Delhi (W74◦54’ N42◦15’; Figure 1) as 
Stamford did not have sufficient data.  The Penman method was used in the computation of ET, 
requiring additional data for solar radiation, wind speed and relative humidity.  As neither 
Stamford nor Delhi had this data, values were generated using Cooperstown, New York 
(W74◦55’, N42◦42’) data obtained from the SWAT in-built weather database. 
 
Calibrations were carried out for monthly and annual streamflow.  Streamflow data, measured at 
the watershed outlet, was available from October, 1997 to September, 2001.  The data from 
October, 1999 to September, 2001 was yet to undergo USGS verification, thus calibration was 
done using data up to September, 1999.  Changes were made to the curve number, base flow 
recession factor, and the snow melt factors, to try to better match simulated with observed 
values.  
 
One of the farms within the watershed (the L-farm) was selected for further analyses.  This farm 
was chosen because its digitized field boundaries and detailed management data were readily 
available.  The HRUs applicable to the farm were isolated by first overlaying corresponding sub-
watersheds with pre-prepared potential land use/soil combination grids (in this case, the HRU 
grids, since land use and soil distribution thresholds were both set at 0%) for the watershed.  The 
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farm boundary was then overlaid on the resulting grid to extract L-farm HRUs.  A total of 178 
HRUs were identified for the farm (Figure 2). 
 

Figure 2: Selected farm and associated HRUs shown as land use/soil combination 
• Symbol: CSIL, corn silage; FRSD, decid. forest; FRSE, conif. forest; HAY, grass; RNGB, grass 

shrub. Soils are represented using their map unit symbols. 
• Identical land use/soil combinations in different sub-watersheds are separate HRUs 

 
 
Simulated flow and water quality data for HRUs on the farm were then extracted, summarized 
and spatially displayed in order to allow identification of critical runoff and P producing areas, 
and thus identification of HRUs on which BMPs should be implemented. 
 
BMP Assessment Tool Description A BMP assessment tool has been developed within an MS 
Access database, developed by the senior author of this paper.  The database (Gitau et al., 2001) 
was built upon effectiveness data obtained from previous BMP studies, and contains data on 
particulate, dissolved, and total P (PP, DP and TP) reduction effectiveness, associated site and 
study characteristics, and complete literature citations, for a variety of agricultural BMPs.  It also 
contains information on nitrogen, sediment and runoff reductions (not addressed in this paper).   
The database currently contains 32 BMPs, grouped into three broad categories: erosion control, 
nutrient management and barn yard BMPs.  At present, the database contains data analyzed for 
eight classes of BMPs: animal waste systems (AWS), barn yard runoff management (BYRM), 
conservation tillage (CT), contour farming (CF), crop rotations (CR), filter strips (FS), nutrient 
management plans (NMPs) and riparian forest buffers (RFBs).  Detailed descriptions of these 
BMPs are given in Gitau et al. (2001).  Analyses involve descriptive statistics (mean, range and 
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standard deviation) determined on a per BMP basis, grouped by soils and slope, and grouped by 
combinations of soils and slopes. 
 
The BMP assessment tool was designed to allow user assessment of BMPs for specified site soils 
and slopes, and to give the user access to analyzed data and associated citations. The tool was 
designed for use either as a stand-alone application, or to be applied in conjunction with a non-
point source model.  Access to tool capabilities is made possible through a number of interfaces, 
using buttons and links in a main interface (Figure 3 inset).  BMP assessments are made possible 
through the “Estimate Effectiveness” button, which opens up a dialog box that accepts user 
inputs for slope and soils, as well as a selection of BMP categories (Figure 3).  Through this 
facility, estimates of total, dissolved and particulate P reductions for specified soils and slope can 
be obtained. 

INPUT 

TOOL 

OUTPUT 

Figure 3: BMP assessment tool application in estimating BMP effectiveness 

 
 
BMP Tool Application The BMP assessment tool was used to derive expected BMP 
effectiveness for the range of slope and soil conditions that exists on the L-farm.  For tool 
application to be possible, though, it was necessary to first derive individual slopes for each 
HRU.  The SWAT model automatically calculates and assigns slopes on a sub-watershed basis.  
However, a range of slopes could be experienced within a sub-watershed, and therefore, HRUs 
within one sub-watershed are not all necessarily of the same slope.  As BMP tool application is 
highly dependent on slope (in addition to soil), it was necessary that slopes be recalculated for 
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individual HRUs within the farm.  This was done by overlaying slope and HRU data, and 
computing weighted averages in cases where an HRU traversed areas with different slopes.  
BMP-specific reductions for soluble and sediment P were then determined for the pre-identified 
critical HRUs.  Reductions were computed based on effectiveness estimates (%) as: 
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Computed reductions were applied to the SWAT model simulations for the respective HRUs. 
 

RESULTS 
 
SWAT Model Runs Calibrated runs were found to match well with observed data for both 
annual (R2=0.9998) and monthly (R2=0.7642) values (Figure 4). Although the model tended to 
under-predict flows in the winter months and over-predict in the summer months, values 
obtained provided a suitable base for the comparison of pre- and post-BMP scenarios. 
 
Figure 5 shows a spatial representation of simulated runoff and P loss.  Runoff production 
appears to be more or less uniform over the watershed, with only limited areas not having flows 
within the typical range of 25-31 mm.  For soluble and sediment P, however, there appear to be 
distinct areas, mainly surrounding the stream, that contribute relatively higher loads.  These areas 
were isolated for BMP application, with the exception of one area (boxed in Figure 5) for which 
no BMPs were applied since the area was forested.  It is currently unclear why this (forested) 
area exhibited high P losses.  A total of 17 HRUs were identified for BMP placement.  Of these, 
five were identified for forested buffers as they had their boundaries adjacent to a stream.  
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Figure 4: Annual and monthly simulations, compared with measured data 
a. Annual plots; b. Scatter plot for monthly values, c. monthly plots 
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Figure 5: Runoff and pollutant distribution and corresponding critical areas on L-farm  

HRUs marked for 
BMP placement 
(colored) 

Forested, No 
BMPs applied 

 
 
BMP Tool Outputs Estimates of BMP effectiveness obtained from the assessment tool are 
shown in Table 1.  The 3-8% and 8-15% slope classes are the most commonly encountered 
classes on the L-farm.  They are also the corresponding slope classes for the HRUs requiring 
BMP treatment. For the most part, estimates were available based on slope and soil combination.  
Where this information was not available, estimates were obtained either by averaging separate 
data for slope-specific and soil-specific BMP effectiveness, or by taking an overall average 
(regardless of slope and/or soil effects)  for the respective BMPs.  
 
Comparison of Pre- and Post-BMP Scenarios Average monthly P loads for pre- and post- 
BMP scenarios are mapped for each BMP in Figures 6 and 7.  For soluble P, both NMPs and 
RFBs appear to greatly reduce P losses from affected HRUs.  Filter strips also have some effect, 
although not as great as that obtained by using NMPs and RFBs.  With CT, there is a risk of 
significantly increasing P loses from affected HRUs.  
 
For sediment P, CT appears to have the greatest impact on P loss reduction.  RFBS have a large 
effect, while NMPs and FS are also effective, although not to the extent of the other two BMPs.  
Monthly plots of total farm losses (Figure 8) reveal trends similar to those observed from spatial 
data.  It is interesting to note that even though the BMPs were only applied to a few selected 
HRUs, BMP effects are evident when the farm is considered as a whole. 
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Table 1: Effectiveness estimates for predominant slopes and soils of the L-farm. 
  

BMP Slope 3-8 8-15 

  HSG B C B C 

TP 58 47 52* 69 
DP -244*** 25 -150* -200 

Conservation Tillage (CT) 
  
  PP 55 55 55 75 

TP 52* 58 48 51** 
DP 57* 64 50 57* 

Nutrient Management Plans 
(NMPs) 
  
  PP 46** 46** 46 46** 

TP 59 68 55 61 
DP 26** 60* 26 26** 

Filter Strips (FS) 
  
  PP 41** 41** 41 41** 

TP 73 40** 40** 40** 
DP 62 64 62** 62** 

Riparian Forest Buffers (RFBs) 
  
  PP 84** 84** 84** 84** 

HSG: Hydrologic Soil Group  
*Estimated based on separate slope and soil averages: 
**Estimated based on overall average regardless of slope or soils 
***Negative signs mean that BMP may cause increases in the corresponding pollutant 

 

 

Pre-BMP 
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Filter strips 
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Legend

Figure 6: Average monthly soluble P losses from L-farm HRUs 
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Figure 7: Average monthly sediment P losses from L-farm HRUs 
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Figure 8: L-farm soluble and sediment P loses for pre- and post-BMP cases 
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DISCUSSION 
 
SWAT Model Applications SWAT is a distributed, process based model that simulates runoff, 
stream flow, sediment, and nutrients - important aspects in making BMP assessments.  Its 
capabilities for and flexibility in further subdividing sub-watersheds into unique response units 
offers an added advantage in that it is possible to define these units based on desired BMP goals 
and to narrow assessments of effects of BMPs down to these individual units.  A 0/0% definition, 
as used in this study, precludes any lumping of land use and soil areas, thus allowing simulation 
of all possible HRUs within a watershed.  In SWAT, HRUs are virtual in nature and thus have no 
spatial definition.  Because a 0/0% definition captures all possible HRUs, however, it is possible 
to give each HRU its spatial definition, and thus to be able to map these HRUs and their 
associated losses.  More importantly, it is possible to accurately identify individual high loss 
areas and thus target these areas for BMP placement: these areas might otherwise have been 
missed with less fine discretization. 
 
 BMP Assessment Tool Application The BMP assessment tool provides a simple means of 
determining BMP effectiveness that can either be used alone or in liaison with a model.  Though 
there are several factors that can affect BMP effectiveness, the tool provides estimates based on 
soils and slopes, two of the major factors known to affect BMP effectiveness (Deer and 
Company, 1995; EPA, 1993; Baker and Johnson, 1983).  These factors (site characteristics) are 
also the most commonly reported (of possible affecting factors) with BMP effectiveness data. 
 
Pre- and Post-BMP Comparisons Tool output was applied to model soluble and sediment P 
simulations for L-farm HRUs identified as critical.  As previously mentioned, BMP effects were 
evident on whole farm losses, even though BMPs were applied only to a few selected HRUs.  
Also, of importance is that targeted areas were, for the most part, near stream areas.  Although 
the SWAT model does not acknowledge connectivity between the HRUs, it is important to note 
that these would still be the areas where the highest losses would occur - thus post-BMP losses 
would likely be lower than what the data shows. 
 
In general, NMPs and RFBs appear to be the most suitable BMPs for the L-farm, both in terms 
of soluble P and sediment P reduction effectiveness.  FS are also suitable, but will generally not 
be as effective as NMPs and RFBs.  NMPs improve the efficiency of P use (Novotny and Olem, 
1994), thus reducing P available for transport.  RFBs work by slowing down and filtering runoff, 
thus retaining some of the associated pollutants.  The vegetation also takes up some of the 
nutrients, further reducing losses (Novotny and Olem, 1994).  Filter strips are generally effective 
in sediment and sediment-bound pollutant removal, but are less effective in dissolved pollutant 
removal as they do not impact the P source.  They are also less suited for steep areas, as most 
runoff is likely to occur as concentrated flow under these conditions (Dillaha, 1990). 
 

On the other hand, CT appears to be inappropriate for the L-farm.  While significant reductions 
are observed with sediment P, there are potentially associated increases in soluble P.  Observed 
reductions in sediment P are attributable to CTs capability to greatly reduce sediment losses.  
However, reduced soil disturbance associated with the practice may, cause increased nutrient 
availability at the soil surface (Romkens et al., 1973; Baker and Laflen, 1983;  Dillaha, 1990 ) 
while reductions in corresponding runoff amounts may not be sufficient (Baker and Laflen, 

 10



1983) to lower overall soluble P loses.  Further, runoff increases may be observed in cases where 
surface sealing and decreased depression storage occur, for example as with no till (Jones et al.,. 
1987; Sharpley et al., 1991). 
 
General Comments The study described in this paper extends the work of Gitau et al. (2001) in 
which pre-analyzed BMP data was used together with the Generalized Watershed Loading 
Functions (GWLF) model (Haith and Shoemaker, 1987) in making BMP assessments for the 
Cannonsville Reservoir Watershed.  While the previous study provided an adequate 
representation of the expected overall BMP effects in the Cannonsville, it did not consider 
discrete response units, partly because of the lumped nature of the GWLF model, and partly 
because of the level of development of the BMP database at that time.  The use of SWAT, a 
distributed model, allows complete exploitation of the BMP assessment tool capabilities by 
providing data for the discrete units for which BMP effects were being assessed. 
 
The SWAT model includes effects of some of the BMPs contained in the BMP assessment tool, 
such as contouring and conservation tillage.  In this case, a user has the option of using either the 
SWAT capabilities or the BMP tool for representing these practices.  The BMP assessment tool 
can also be used as a stand-alone application, for example, where the interest may be in obtaining 
a rapid assessment for individual fields on a farm.  
 
With regard to BMP assessments, this study focused on one farm within the Town Brook 
Watershed.  Extension of the outlined procedures to all farms within the watershed will give a 
complete picture of BMP effects on pollutant losses from the watershed.  The intensive nature of 
these analyses, however, necessitates process automation.  
 
Future Directions It is intended that the use of the BMP assessment tool with the SWAT model 
eventually be automated by linking the two applications through a graphical user interface 
(GUI).  The user would then only need to specify the HRUs and the BMP category (or the 
particular BMP) they would like to assess, and soil and slope inputs would be read automatically 
from the HRU input files.  Tool runs would then be performed and outputs returned to the model 
for incorporation into the model runs.  
 

CONCLUSIONS 
 
In this study, the SWAT model was coupled with a BMP assessment tool to evaluate the impact 
of BMP implementation on one of the farms within the Town Brook Watershed, NY.  The 
SWAT model allows fine watershed discretization and provides associated runoff and P load 
data, which is important for isolating contributing areas, as well as for use with the BMP 
assessment tool output. The assessment tool offers a simple means of determining BMP 
effectiveness. It can either be used alone or in liaison with a model.  While BMPs were only 
applied to areas which had high pollutant loses, BMP effects were evident in total farm loses, 
suggesting that BMP placement need only be targeted to key contributing areas.  
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Abstract:  In 1990 Potlatch Corporation, along with numerous cooperators, initiated a forest 
watershed study in northern Idaho.  The goal of the Mica Creek Study is to assess the 
effectiveness of the Idaho forest practice rules in protecting water quality.  The study uses a 
series of nested gaging stations to measure both on-site and cumulative impacts of forest 
operations.  The Mica Creek Study provides unusually dense and detailed hydrological, 
meteorological, water quality, biological, and channel data.  Detailed watershed data are 
available in a Geographical Information System (GIS) database.  These attributes make Mica 
Creek a logical site for calibration and validation of hydrologic models that are being applied to 
forest watersheds.  Models that have been or are in the process of being tested include 
Hydrologic Simulation Program-FORTRAN (HSPF), Distributed Hydrology-Soil-Vegetation 
Model (DHSVM), and Watershed Analysis Risk Management Framework (WARMF).  An 
application of SEDMODL2 may also be tested.  Because models are becoming increasingly 
important in comparing management options on forest lands, the performance and cost of 
applying these models is being critically reviewed by the forest products industry. 

INTRODUCTION 

Over the last century hundreds of forest watersheds have been monitored and involved in 
watershed studies.  Despite this impressive list of studies and results we find that much of the 
watershed research work was conducted in paired-watershed experiments conducted 30 to 
50 years ago.  In a review of experimental paired-watershed research in the USDA Forest 
Service, Ziemer and Ryan (2000) found that in the 1960s there were 150 forested experimental 
watersheds being studied.  Today, only a handful of these remain active.  This has significant 
implications to forest managers where state Best Management Practices and forest practice rules 
have been adopted or greatly modified over the last 25 years.  Forest watershed modelers are 
often forced to rely on harvest and road response data of 30 to 50 years ago.  Some ask whether 
watershed studies warrant their expense and suggest replacing physical studies with model 
simulations.  Yet it is these watershed studies that continue to be used to assess management 
alternatives and calibrate and validate watershed models. 

Watershed monitoring and modeling are more powerful if they work together rather than when 
each is developed in isolation.  The Mica Creek Watershed in northern Idaho provides an 
opportunity for watershed specialists to monitor watershed impacts from current forest practices 
and assess the predictive capabilities of watershed models.  In this paper we will describe the 
Mica Creek Watershed Study and efforts to calibrate and validate watershed models. 
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DESCRIPTION OF MICA CREEK WATERSHED STUDY 

In 1990 Potlatch Corporation, along with numerous cooperators, initiated a forest watershed 
study in northern Idaho (McGreer et al. 1995).  The goal of the Mica Creek Study is to assess the 
effectiveness of the Idaho forest practice rules in protecting water quality.  The study uses a 
series of nested gaging stations to measure both on-site and cumulative impacts of forest 
operations (Figure 1).  This design was inspired by the Caspar Creek Watershed Study in 
California (Ziemer 1998).  Several features make this study unique.  Monitoring occurs at many 
scales but the overall size of the watershed being studied (about 11 mi2) is large compared to 
most forest watershed research efforts.  Control watersheds have been established at varying 
scales.  Mica Creek experiences a wide range of precipitation and runoff conditions including 
frontal and orographic rainfall, intense summer thunderstorms, rain-on-snow events, and 
snowmelt from a persistent snowpack.  Sediment transport from the watershed can be 
characterized as generally low.  This is especially true when Mica Creek is compared with other 
research watersheds, many of which are located in highly erosive settings like the Idaho 
Batholith.  Most of the watershed was harvested during or before the 1930s and it is essentially 
undisturbed since.  Potlatch Corporation has almost complete ownership of the research 
watershed, which allows for careful control of management treatments to meet the research 
objectives. 

 

Figure 1.   Mica Creek Watershed Study design showing control watersheds 3, 5, and 6; treated 
watersheds 1 and 2; and cumulative response watersheds 4 and 7 (from McGreer et al. 1995) 

Monitoring is conducted on discharge (continuous measurement), sediment (stage-activated 
pump samplers), nutrients (grab samples), water temperature (continuous measurement), fish 
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(surveys), macroinvertebrates, channel morphology, and meteorology.  Potlatch Corporation’s 
Geographic Information System (GIS) coverage of the Mica Creek Watershed allows distributed 
hydrologic models like the Distributed Hydrology-Soil-Vegetation Model (DHSVM) to be 
applied to the watershed.  Pre-treatment conditions were monitored from 1990 to 1998.  This 
long pre-treatment period was necessary to monitor through a range of hydrologic conditions 
(low flow and high flow events).  Road construction in two of the small upper watersheds in 
1998 has allowed for monitoring of road-only impacts through 2000.  In 2001 two small 
watersheds were harvested, one with a clearcut and the other with a partial harvest.  Monitoring 
is underway to measure the impact of these activities and how their combined impacts are 
translated downstream. 

CANDIDATE FOREST WATERSHED MODELS 

One of the most appealing tools for forest watershed specialists is the development of realistic 
models that can simulate responses to forest management practices at both the site and watershed 
scales.  Unfortunately, more work has gone into developing various watershed models, while 
little work has gone into validating these models, calibrating them to different watershed 
conditions, and making them user friendly.  Three hydrologic models (HSPF, DHSVM, and 
WARMF) have been or will be calibrated for Mica Creek and their performance validated 
against independent watershed data.  A fourth model, SEDMODL2, is a strong candidate for 
calibration and validation in Mica Creek. 

HSPF:  The United States Environmental Protection Agency’s Hydrologic Simulation Program-
FORTRAN (HSPF) is a well-known standard watershed model.  HSPF was designed to be a 
physically-based, comprehensive, and continuous simulation model.  It simulates the hydrologic 
cycle as well as water quality parameters, including sediment, nutrients, pesticides, and toxics 
(NCASI 2001).  HSPF is a lumped parameter model so it does not associated spatial 
combinations of landscape and management hazards, but it has been extensively applied to many 
land uses.  HSPF is a particularly attractive model to test because it is a key component of EPA’s 
BASINS3 tool.  HSPF is limited in its ability to post-process simulation results.  However, newer 
versions of the model have incorporated post-processors to visualize, analyze, and compare 
simulation results.  HSPF-based models such as WIN-HSPF, GenScn, and the Non-Point Source 
Model (NPSM) in Better Assessment Science Integrating Point and Non-Point Sources 
(BASINS3) have been adapted to include post-processing and other scenario management 
features. 

BASINS3 is a comprehensive software package recently released by EPA Office of Water.  It is 
designed to enable water quality analysts and watershed managers to perform studies using a 
geographic information system (ArcView), watershed land use and water quality monitoring 
data, and state-of-the-art environmental assessment tools.  BASINS3 provides information for 
any of the 2,150 watersheds in the conterminous United States.  It incorporates models such as 
HSPF, Soil and Water Assessment Tool (SWAT), and QUAL2E.  BASINS3 has much promise, 
but its coarse spatial scale and treatment of land use activities make it difficult to test alternative 
forest management activities at this time. 

SWAT, which is now packaged in BASINS3, is currently being enhanced to incorporate 
management scenarios for forestry and other land management activities.  The strength of this 
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model resides in its ability to simulate overland hydrology and other upland functions such as 
vegetation growth, soil nutrient cycling, water routing, and fertilizer and pesticide transport.  
Other features that have been or will be added include ecotone filtering, depressional storage 
(pothole topography), and riparian zone buffering.  These adaptations will be important in 
modeling water quality for areas with diverse land-use configurations including those with 
changing forest conditions. 

DHSVM:  NCASI has been working with the University of Washington and Battelle Northwest 
Laboratories to refine and validate the Distributed Hydrology-Soil-Vegetation Model (DHSVM) 
using watershed data collected by companies for different conditions.  “DHSVM accounts 
explicitly for the effect of topography and the spatial distribution of land surface processes at the 
scale of currently available Digital Elevation Models (30 to 90 m)” (Wigmosta 1996).  Features 
include a spatially distributed, digital elevation model grid-based approach; an automated model 
setup using the GIS ARCINFO; explicit, spatially distributed representation of road networks; 
spatially distributed vegetation and soils properties; topographic control on absorbed short-wave 
radiation, precipitation, and downslope water movement; a two-layer soil rooting zone model; a 
spatially distributed, two-canopy evapotranspiration model; simplified, topographically-driven 
surface and subsurface flow routing; GIS post-processing of model outputs; and channel flow 
routing (Figure 2).   

 
Figure 2.   DHSVM model utilizes GIS data to simulate spatially explicit 
hydrologic response and route discharge through road and stream reaches 
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Testing of DHSVM has or is occurring on several gaged industry watersheds, including the Little 
Naches in eastern Washington, the Deschutes in western Washington, Mica Creek in northern 
Idaho, and Carnation Creek on Vancouver Island (Figure 3).  This model has been converted 
from requiring a mainframe computer to a PC-based Windows NT environment. 

 
Figure 3.   Comparison between observed discharge for the Little Naches River in central 

Washington and simulated discharge using DHSVM (from Wetherbee and Lettenmaier 1996) 

WARMF:  The Watershed Analysis Risk Management Framework (WARMF) is a decision 
support system developed by Systech Engineering with support from the Electrical Power 
Research Institute (Chen et al. 1999).  The engineering portion of WARMF is a lumped 
parameter model that works at a daily time step, simulating canopy processes, snow pack on the 
land, infiltration into the ground, exfiltration of ground water, surface runoff, and associated 
nonpoint source loads. WARMF is capable of routing flow downstream, which makes it 
attractive in Mica Creek where cumulative effects are an important consideration.  EPRI is 
currently supporting calibration and validation testing of WARMF to compare its performance 
with other models in a managed forest landscape. 

SEDMODL2:  SEDMOD is a GIS-based road erosion/delivery model, developed by Boise 
Cascade Corporation, designed to identify road segments with high potential for delivering 
sediment to streams.  SEDMODL2 is an updated version being developed by NCASI and Boise 
that will be more user friendly.  The model uses an elevation grid combined with road and stream 
information layers to produce a computer-generated version of the Washington surface road 
erosion module (Figure 4).  It estimates background sediment and generation of sediment for 
individual road segments, finds road/stream intersections, and estimates delivery of road 
sediment to streams.  At the 2000 American Fisheries Society National Convention session, Fish 
and Fiber:  Can They Coexist, speakers consistently referred to the 20/80 rule:  20% of roads 
cause 80% of problems.  SEDMODL2 identifies segments with high potential for contribution of 
sediment to streams. 
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SEDMOD

ROAD SEDIMENT
Total Sediment Delivered from each Road Segment
(tons/yr.) =TREAD + CUTSLOPE

Tread = Geologic Erosion Rate * Tread Surfacing 
Factor *Traffic Factor * Segment Length *
Road Width *Road Slope Factor * 
Precipitation Factor *Delivery Factor

Cutslope = Geologic Erosion Rate * Cutslope Cover 
Factor * Segment Length * Cutslope Ht * 
Delivery Factor

 
Figure 4.   Basic framework of SEDMODL2 for calculation of road sediment 

delivered from each road segment (from Glass and Megahan 2000) 

CALIBRATING AND VALIDATING FOREST WATERSHED MODELS 

Methods of model calibration and validation are described in Loehle and Ice (submitted).  Here 
we will focus on two watershed model validation steps that are pertinent to judging the 
usefulness of models for assessing forest operations.  Does model performance match the data 
using a multi-criteria Pareto Optimum Set, and does the model get the right answer for the right 
reason? 

There are a number of steps in model development and testing.  Three of the most important are 
sensitivity analysis, calibration, and validation.  Sensitivity analysis involves testing model 
response over a realistic range of individual parameter values, holding other parameters constant 
in order to evaluate how sensitive model results are to changes in each of the parameters.  
Sensitivity analysis is a guide to what watershed information is really important and what 
information has little influence on model results.  Also, if we know from experience that some 
parameters like slope or soil hydraulic conductivity are important and the sensitivity analysis 
indicates little response to these parameters, this is a red flag about the model’s ability to 
realistically simulate watershed response. 

Model calibration is the adjusting of model parameters within physically defensible ranges until 
predictions give the best fit to observed data (keeping in mind which parameters were found to 
be most sensitive).  Essentially all complex hydrologic models require calibration to make 
realistic predictions.  Unfortunately, results from calibrations are often assumed to be model 
validations. 

Model validation tests the accuracy and predictive capabilities of the calibrated model on a data 
set independent of the data set used for calibration.  We usually assess performance with 
goodness-of-fit  (GOF) tests.  One problem with GOF methods is that we may need to assess 
more than one dependent variable, often measured on a different scale.  Another problem is that 
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outcomes may be sensitive to initial conditions and small perturbations that can accumulate to 
cause predicted and measured results to go out of phase.   

The importance of model calibration and validation cannot be overemphasized.  The potential list 
of candidate hydrologic models is endless, yet many have never been calibrated or validated 
against field data that are representative of conditions to be simulated.  There appears to be an 
over-reliance on models in environmental decision-making (Whittemore and Ice 2001) without 
adequate monitoring data to validate model performance.  An example is a 1981 comparison of 
the measured erosion from skid trails in Idaho with predicted erosion, which found that models 
overestimated erosion by 20 to 600% (McGreer 1981).  “After decades of using regulatory 
models for making decisions, federal agencies still lack universal guidelines or tolerances for 
deciding when a model is adequately calibrated” (Whittemore and Ice 2001). 

ASSESSING HYDROLOGIC MODEL PERFORMANCE 

So how do we evaluate model performance?  Loehle (1997) proposed the use of a form of the 
Turing test as one element in model evaluation.  Application of this approach to hydrologic 
model evaluation is further developed in Loehle and Ice (submitted).  Alan Turing devised the 
first test for artificial intelligence (AI).  Using this procedure, if an AI program produces output 
that cannot be distinguished from that produced by a human, it is judged to be “intelligent.”  In a 
parallel test for models we ask, “Do the model outputs behave like those observed in the real 
system?”  To answer this question we test whether we can reject the hypothesis that the model 
results are not different from the set of observed data.  Our acceptance test is based strictly on the 
variance of the real system.  If similar storms produce a wide range of hydrographs on the same 
watershed, then the precision of the model cannot be said to be any better than this range of 
natural variability. 

Consider first the case of a single test statistic, such as peak flow in response to a storm event.  
For a given watershed and a given class of storm events, there will be a range of observed peak 
flows.  We obtain the mean y  and variance  for the peaks and calculate a 95% (or other) 
confidence limit cl on 

ys
y .   is the model prediction.  The test statistic T (for Turing test) is 

defined in equation 1. 
ŷ

 T = 1, if 
 clyŷcly +≤≤−  (1) 
 T = 0 otherwise 

When T is 1, we do not claim the model is accurate, only that it produces results that cannot be 
distinguished from the data.  The accuracy is defined by the width of the confidence limits 
around the data. Variables with different units can be compared directly with this approach, 
which is dimensionless. 

Proper evaluation of a model cannot really be based on a single test statistic, but this causes a 
computational difficulty.  Because each variable in a model has a different magnitude, a fit 
against multiple criteria will be biased in favor of the larger magnitude variables, but because 
magnitudes are arbitrary in terms of units, this neither makes sense nor achieves the goals of the 
modeler.  A suggested method for dealing with this problem is the use of Pareto Optimal Sets, a 
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technique developed in economics (Reynolds and Ford 1999).  The criterion vector is considered 
Pareto optimal if none of its components can be improved without impairing at least one other 
component. Here we use the test statistic T, defined above, to create a 0-1 Pareto set, where 1 
indicates that the criterion is satisfied in relation to data.  Thus, using this test criteria the Pareto 
Optimal Set is a satisfaction vector for the criteria set.   

ACCEPTANCE TESTING 

Utilizing the statistical tests described above it is possible to evaluate a model for overall 
acceptability.  This acceptance testing must be done in stages.  The first stage is to carefully 
define the domain of applicability in terms of space, time, and processes.  Once the domain is 
identified, it is possible to utilize peer review to make a decision on model acceptability.  Peer 
review is a critical component of the model acceptance process.  Model builders may have so 
much at stake, even their jobs, that they cannot easily admit that a model is a failure.  Outside 
reviewers often bring different perspectives as well as a measure of objectivity.  For a model that 
will be put to practical use, however, particular attention must be given to establishing the test 
criteria.  First, the accuracy required of the model (e.g., 80% or 95% confidence limits for T) 
should be specified.  Second, the specific goals of the model (what is to be predicted) must be 
clearly articulated.  This establishes the Pareto set to be tested.  Third, the domain of the model 
must be delineated, although reviewers may provide comments that cause the domain to be 
revised.  Without these parameters, reviewers are likely to evaluate the model in terms of 
inappropriate data sets, accuracy, and/or objectives. 

Given that a model performs adequately when tested, it is also necessary to evaluate model 
usability.  There are three basic criteria that need to be evaluated: availability of input data, 
computational burden, and operational usability. 

Obtaining input data for a watershed model can be challenging.  Different sources of data may 
have incompatible scales, and spatial data are often obtained by various estimation procedures.  
Critical data to run the model may be rarely available for operational watersheds.  The second 
test criterion is computational burden.  Distributed spatial models tend to be computationally 
intensive.  Finally, model operability is an issue that must not be overlooked.  For any complex 
model, there will be a steep learning curve because of the complexity of the assumptions and 
computations.  It is necessary to be willing to make this time investment.  If, however, the model 
is poorly documented or poorly structured, it can be essentially unusable.  The extent to which a 
model is “easy” or “difficult” to use depends in large part on the expertise and experience of the 
user.  If an experienced modeler who can dedicate sufficient time to learning the model is not 
available, then even the best model is not going to be of much use.  On the other hand, modern 
programming techniques that increase ease of use should be expected to provide some degree of 
robustness and user friendliness. 

The usability issue thus reduces to two tests.  The first is a go, no-go test based on minimum 
criteria of data availability, technical staff availability, and model operability.  The second is a 
matter of cost-benefit analysis–is it worth learning to use the model, buying computer time, or 
paying a programmer to make it run in parallel mode? 
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GETTING IT RIGHT FOR THE RIGHT REASON 

One additional important step in model validation is determining whether the model is getting 
the right answers for the right reasons (Dr. Jeff McDonnell, Oregon State University, personal 
communication).  In the sensitivity analysis step, we cautioned that if model results were 
independent of important watershed variables and processes then this is a cautionary flag.  The 
ability of a model to be transported from one watershed to another is largely dependent on 
whether the key watershed variables are properly incorporated in the model.  An example might 
be sediment delivery to streams from roads.  Road density (road miles/mi2) is often used as a first 
estimate of road sediment delivery to streams.  Calibrated for one watershed where road 
practices and locations don’t vary significantly, this might be a useful index. But what happens 
when management changes in the watershed and roads are surfaced, outsloped, and moved away 
from the stream, and brush barriers are provided to trap sediment?  Undoubtedly the model will 
no longer adequately represent sediment delivery.  Similarly, when the model is transported to 
another watershed with different road locations, road construction methods, and erosion control 
practices, the model will not adequately predict sediment delivery because it did not initially 
capture the appropriate variables.  If models are incapable of simulating the benefits of water 
quality and flow control practices, land managers may be reluctant to use watershed models. 

CONCLUSIONS 

Mica Creek offers a unique opportunity to compare the performance of hydrologic models.  
Testing is now underway for HSPF, DHSVM, and WARMF, and a test of SEDMODL2 may also 
occur.  Calibration and validation of models is essential to their adoption by land managers.  
Calibration is necessary to make complex watershed models provide realistic results.  Validation 
involves determining model performance compared to an independent set of data.  Other 
concerns are the usability of the model and whether it is getting the right answer for the right 
reason.  Agencies developing or applying watershed models to managed forests are invited to 
explore opportunities to collaborate at Mica Creek. 
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Abstract:  Planning and assessment in land and water resource management are evolving toward 
complex, spatially explicit regional assessments. These problems have to be addressed with 
distributed models that can compute runoff and erosion at different spatial and temporal scales. 
The extensive data requirements and the difficult task of building input parameter files, however, 
have long been an obstacle to the timely and cost-effective use of such complex models by 
resource managers. The USDA-ARS Southwest Watershed Research Center, in cooperation with 
the U.S. EPA Landscape Ecology Branch, has developed a geographic information system (GIS) 
tool to facilitate this process.  A GIS provides the framework within which spatially distributed 
data are collected and used to prepare model input files and evaluate model results. The 
Automated Geospatial Watershed Assessment tool (AGWA) uses widely available standardized 
spatial datasets that can be obtained via the internet.  The data are used to develop input 
parameter files for KINEROS2 and SWAT, two watershed runoff and erosion simulation models 
that operate at different spatial and temporal scales.  AGWA automates the process of 
transforming digital data into simulation model results and provides a visualization tool to help 
the user interpret results.  The utility of AGWA in joint hydrologic and ecological investigations 
has been demonstrated on such diverse landscapes as southeastern Arizona, southern Nevada, 
central Colorado, and upstate New York. 
 

INTRODUCTION 
 
The accurate depiction of earth surface processes and their responses to land cover, climate, or 
managerial change has been the goal of research hydrologists for more than a century.  As the 
science has evolved, fully integrated watershed assessment tools for support in land management 
and hydrologic research are becoming established tools in both basic and applied research.  At 
the core of many of these tools are spatially distributed hydrologic models because they provide 
a mechanism for investigating interactions among climate, topography, vegetation, and soil as 
they affect watershed response. Spatially distributed models are by definition data-intensive, and 
if these models are to be applied on an operational basis, there is a critical need for automated 
PC-based procedures to store, access, and prepare data for modeling.   
 
This manuscript presents the Automated Geospatial Watershed Assessment (AGWA) tool, a 
multipurpose hydrologic analysis system for use by watershed, natural resource, and land use 
managers and scientists in performing watershed- and basin-scale studies.  It was developed 
under the following guidelines:  
 

1. Provide a simple, direct, and repeatable method for hydrologic model parameterization 
2. Use only basic, attainable GIS data 
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3. Be compatible with other geospatial watershed-based environmental analysis software 
4. Be useful for scenario and alternative futures simulation work at multiple scales.  

 
AGWA is an extension for the Environmental Systems Research Institute's ArcView versions 
3.X (ESRI, 2001), a widely used and relatively inexpensive PC-based GIS software package 
(trade names are mentioned solely for the purpose of providing specific information and do not 
imply recommendation or endorsement by the USDA).  The GIS framework is ideally suited for 
watershed-based analysis, which relies heavily on landscape information for both deriving model 
input and presenting model results.  In addition, AGWA shares the same ArcView GIS 
framework as the U.S. EPA Analytical Tool Interface for Landscape Assessment (ATtILA; Ebert 
et al., 2000), and Better Assessment Science Integrating Point and Nonpoint Sources (BASINS; 
Lahlou et al., 1998).  This facilitates comparative analyses of the results from multiple 
environmental assessments, thus making it particularly valuable for interdisciplinary studies, 
scenario development, and alternative futures simulation work.  AGWA is distributed freely via 
the internet as a modular, open-source suite of programs (www.tucson.ars.ag.gov/agwa). 
 
AGWA provides the functionality to conduct all phases of a watershed assessment for two 
widely used watershed hydrologic models: the Soil Water Assessment Tool (SWAT; Arnold et 
al., 1994); and a customized version of the KINEmatic Runoff and erOSion model (KINEROS2; 
Smith et al., 1995).  SWAT is a continuous simulation model for use in large (river-basin scale) 
watersheds.  KINEROS2 is an event-driven model designed for small arid, semi-arid, and urban 
watersheds.  The AGWA tool combines these models in an intuitive interface for performing 
multi-scale change assessment, and provides the user with consistent, reproducible results.  Data 
requirements include elevation, land cover, soils, and precipitation data, all of which are 
available at no cost over the internet.  Model input parameters are derived directly from these 
data using optimized look-up tables that are provided with the tool. 
 

OVERVIEW OF THE AGWA TOOL 
 
The conceptual design of AGWA is presented in Figure 1.  A fundamental assumption of 
AGWA is that the user has previously compiled the necessary GIS data layers, all of which are 
easily obtained for the conterminous United States.  The AGWA extension for ArcView adds the 
'AGWA Tools' menu to the View window, and must be run from an active view.  Pre-processing 
of the DEM to ensure hydrologic connectivity within the study area is required, and tools are 
provided in AGWA to aid in this task.  Once the user has compiled all relevant GIS data and 
initiated an AGWA session, the program is designed to lead the user in a stepwise fashion 
through the transformation of GIS data into simulation results.   The AGWA Tools menu is 
designed to reflect the order of tasks necessary to conduct a watershed assessment, which is 
broken out into five major steps:  (1) location identification and watershed delineation; (2); 
watershed subdivision by (3) land cover and soils parameterization; (4) preparation of parameter 
and rainfall input files; and (5) model execution and visualization and comparison of results. 
 
Step 1:  The user first creates a watershed outline, which is a grid based on the accumulated flow 
to the designated outlet (pour point) of the study area.  If a GIS coverage of the outlet location 
exists (such as would be the case for a runoff gauging station), it can be used to designate the 
drainage outlet.  Alternatively, the user has the option of using a mouse to click on the watershed 
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outlet.  If internal gauging stations exist as a separate GIS coverage, AGWA will use them as 
internal drainage pour points and generate output at each of the stations.  This option is 
particularly useful for calibration and validation of model results. 
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Figure 1.  Sequence of steps in the use of AGWA for hydrologic modeling. 

 
Step 2:  A polygon shapefile is built from the watershed outline grid created in step 1.  The user 
specifies the threshold of contributing area for the establishment of stream channels, and the 
watershed is divided into model elements required by the model of choice.  From this point 
onward, tasks are specific to the model that will be used (KINEROS2 or SWAT), but the same 
general process is followed independent of model choice. 
 
Step 3:  The watershed created in Step 2 is intersected with soil and land cover data, and 
parameters necessary for the hydrologic model runs are determined through a series of GIS 
analyses and look-up tables.  The hydrologic parameters are added to the polygon and stream 
channel tables to facilitate the generation of input parameter files. At this point the user can 
manually alter parameters for each model element if additional information is available to guide 
the estimation of those values. 
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Step 4:  Rainfall input files are built at this stage. For SWAT, the user must provide daily rainfall 
values for rainfall gages within and near the watershed.  If multiple gages are present, AGWA 
will build a Thiessen polygon map and create an area-weighted rainfall file.  For KINEROS2, the 
user can select from a series of pre-defined rainfall events dependent on the geographic location, 
choose to build his/her own rainfall file through an AGWA module, or use NOAA Atlas II return 
period rainfall depth grids distributed with AGWA (NOAA, 1973).  Precipitation files may be 
created for uniform (single gauge) or distributed (multiple gauge) rainfall data. 
 
Step 5:  After Step 4, all necessary input data have been prepared: the watershed has been 
subdivided into model elements; hydrologic parameters have been determined for each element; 
and rainfall files have been created.  The user can proceed to run the hydrologic model of 
choice.  AGWA will automatically import the model results and add them to the polygon and 
stream map tables for display.  A separate module controls the visualization of model results.  
The user can toggle among viewing various model outputs for both upland and channel elements, 
enabling the problem areas to be identified visually.  If multiple land cover scenes exist, the user 
can parameterize either or both of the two models and attach the results to a given watershed.  
Results can then be compared on either an absolute or percent change basis for each model 
element (Miller et al., 2002).  Model results can also be overlaid with other digital data layers to 
further prioritize management activities.   
 

COMPONENT MODELS 
 
The key components of AGWA are the hydrological models used to evaluate the effects of land 
cover and land use on watershed response.  In this section, a description of the basic structure of 
each model is provided as well as their simplifying assumptions, strengths, and weaknesses.  The 
KINEROS2 and SWAT models are able to simulate complex watershed representations in order 
to explicitly account for spatial variability of soils, rainfall distribution patterns, and vegetation.     
 
KINEROS2:  KINEROS2 is an event-oriented, physically based model describing the processes 
of interception, infiltration, surface runoff, and erosion from small agricultural and urban 
watersheds (Smith et al., 1995).  In this model, watersheds are represented by subdividing 
contributing areas into a cascade of one-dimensional overland flow and channel elements using 
topographic information.  KINEROS2 is a broadly updated version of KINEROS that is now 
incorporated into AGWA (see Goodrich et al., this volume). 
 
In numerous modeling studies, the KINEROS model has been applied on the USDA-ARS 
Walnut Gulch Experimental Watershed (Renard et al., 1993), a semi-arid watershed with 11 
nested subwatersheds that range in area from 2.3 to 148 km2, and an additional 13 small 
watershed areas ranging from 0.004 to 0.89 km2.  Spatial variability in rainfall is measured using 
a network of 89 gauges.  At a small scale, Goodrich et al. (1995) and Faures et al. (1995) applied 
KINEROS to the 4.4 km2 Lucky Hills (LH-104) subwatershed to examine the importance of 
different antecedent soil moisture estimates and the effects of wind and rainfall pattern on the 
predicted discharges.  At this scale, both studies conclude that an adequate representation of the 
rainfall pattern is crucial to achieve accurate runoff prediction in this environment.  Goodrich et 
al. (1994) also investigated the sensitivity of runoff production to the pattern of antecedent 
moisture condition at the small watershed scale (6.31 km2).  They suggested that a simple basin 
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average of initial moisture content will normally prove adequate and that, again, knowledge of 
the rainfall patterns is far more important.  Michaud and Sorooshian (1994) compared three 
different models at the scale of the whole watershed, a lumped curve number model, a simple 
distributed curve number model, and the more complex distributed KINEROS model.  The 
modeled events were 24 severe thunderstorms with a rain gage density of one per 20 km2.  Their 
results suggested that none of the models could adequately predict peak discharge and runoff 
volumes, but that the distributed models did somewhat better in predicting time to runoff 
initiation and time to peak.  The lumped model was, in this case, the least successful. 
 
Goodrich et al. (1997) used data from the entire Walnut Gulch watershed to investigate the 
effects of storm area and watershed scales on runoff coefficients.  They concluded that, unlike 
humid areas, there is a tendency for runoff response to become more nonlinear with increasing 
watershed scale in this type of semi-arid watershed as a result of the loss of water into the bed of 
ephemeral channels and the decreasing relative size of rainstorm coverage with watershed area 
for any individual event.  According to Syed (1999), using  standard USGS 30m DEMs  to 
model runoff from a medium size watershed (~100 km2) with the kinematic wave approximation 
yields acceptable simulation results.  For watersheds of this size, this implies that USGS level I, 
30m DEM data, such as are available throughout the continental United States, are adequate.  For 
smaller watersheds of the order of several hectares better vertical accuracy is desired especially 
when using high horizontal resolution (small grid spacing) DEMs.    
 
SWAT:  SWAT is a river-basin, or watershed-scale model developed to predict the impact of 
land management practices on water, sediment, and agricultural chemical yields on large, 
complex watersheds with varying soils, land use, and management conditions over long periods 
of time (Arnold et al., 1994).  The model combines empirical and physically-based equations, 
uses readily available inputs, and enables users to study long-term impacts.  SWAT is defined by 
eight major components: hydrology, weather, erosion and sedimentation, soil temperature, plant 
growth, nutrients, pesticides and land management.   
 
SWAT is currently being utilized in several large basin projects.  SWAT provides the modeling 
capabilities of the HUMUS (Hydrologic Unit Model of the United States) project (Srinivasan et 
al., 1993).  The HUMUS project simulates the hydrologic budget and sediment movement for 
the approximately 2,100 hydrologic unit areas that have been delineated by the USGS.  Findings 
of the project are being utilized in the Resource Conservation Act (RCA) appraisal conducted by 
the Natural Resources Conservation Service.  Scenarios include projected agricultural and 
municipal water use, tillage and cropping system trends, and fertilizer and animal waste use 
management options.  The model is also being used by NOAA to estimate nonpoint source 
loadings into all U.S. coastal areas as part of the National Coastal Pollutant Discharge Inventory.  
The U.S. EPA is currently incorporating SWAT into the BASINS interface for assessment of 
impaired water bodies. 
 
SWAT uses the curve number approach to predict runoff generation and it has been the subject 
of a number of critical reviews (e.g. Hjelmfelt et al., 1982; Bales and Betson, 1982).  Further 
work is required to clarify under what conditions the method gives satisfactory predictions.  
Mishra and Singh (1999) show that their generalized version of the method gives better results 
than the original formulation, as it should, since it has two additional fitting parameters.  

 5



Hjelmfelt et al. (1982) found no strong correlation between curve number and antecedent 
condition for individual rainfall events, suggesting that interactions with individual storm 
characteristics, tillage, plant growth and temperature were sufficient to mask the effect of 
antecedent rainfall.  Despite its limitations, the Curve Number method has been used quite 
widely since it provides a relatively easy way of moving from soil and vegetation data sets (such 
as in GIS) to a rainfall-runoff model.  
 

DATA INPUTS AND PARAMETER ESTIMATION 
 
Watershed Discretization:  Over the past decade numerous approaches have been developed 
for automated extraction of watershed structure from grid digital elevation models (e.g. Mark et 
al., 1984; Band, 1986; Moore et al., 1988; Martz and Garbrecht, 1993).  The most widely-used 
method, and that which is used in AGWA, for the extraction of stream networks is to accumulate 
the channel source area (CSA) upslope of each pixel through a network of cell-to-cell drainage 
paths.  This network is subsequently pruned based on a threshold drainage area required to define 
a channel.  The watershed is then further subdivided into upland and channel elements as a 
function of the stream network density.  In this way, a user-defined CSA is used to define the 
locations and numbers of stream channels; since the watershed is subdivided into upland and 
channel elements as a function of the stream channels, the choice of CSA is the determining 
factor in the spatial complexity of the watershed discretization.  This approach often creates a 
large number of spurious polygons and disconnected model elements due to vagaries in the 
underlying DEM.  A suite of algorithms has been implemented in AGWA that refines the 
watershed elements by eliminating spurious elements and ensuring downstream connectivity.    
 
Parameter Estimation:  Each of the plane and channel elements delineated by AGWA is 
represented in either SWAT or KINEROS2 by a set of parameter values.  These values are 
assumed to be uniform within a given element.  There may be a large degree of spatial variability 
in the topographic, soil, and land cover characteristics within the watershed, and AGWA uses an 
area-weighting scheme to determine an average value for each parameter within an overland 
flow model element abstracted to an overland flow plane (Goodrich et al., this volume).  As 
shown in Figure 2, the three GIS coverages are intersected with the subdivided watershed, and a 
series of look-up tables and spatial analyses are used to estimate parameter values for the unique 
combinations of land cover and soils.  SWAT and KINEROS2 require a host of parameter 
values, and estimating their values can be a tedious task; AGWA rapidly provides estimates 
based on an extensive literature review and calibration efforts.  In the absence of observed data 
and performing a calibration exercise, these values should be used in comparative or relative 
assessments.  Since AGWA is an open-source suite of programs, users can modify the values of 
the look-up tables or manually alter the parameters associated with each element.   
 
Soil parameters for upland planes as required by KINEROS2 (such as percent rock, suction head, 
porosity, saturated hydraulic conductivity) are initially estimated from soil texture according to 
the STATSGO soil data following Woolhiser et al. (1990) and Rawls et al. (1982).  Saturated 
hydraulic conductivity is reduced following Bouwer (1966) to account for air entrapment.  
Further adjustments are made following Stone et al. (1992) as a function of estimated canopy 
cover.  Cover parameters, including interception, canopy cover, Manning’s roughness, and 
percent paved area are estimated following expert opinion and previously published look-up 
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tables (Woolhiser et al., 1990).  Examples of these look-up values for the North American 
Landscape Characterization classification scheme of the Upper San Pedro Basin in southern 
Arizona are shown in Table 1.  Upland element slope is estimated as the average plane slope, 
while geometric characteristics such as plane width and length are a function of the plane shape 
assuming a rectangular shape, where the longest flow length is equal to element length.  Stream 
channels geometric characteristics are parameterized following Miller et al. (1995), who found 
strong relationships between channel width and depth and watershed characteristics.  Channel 
parameters relating to soil characteristics assume a sandy bed and all channels are assumed 
uniform.  Channel slope is determined from a slope grid derived from the DEM. 
 

Watershed ID:  73
Area:  2.05 km2 Slope: 3.53 %
Width: 528 m Length: 3875 m
Interception: 2.60 mm Cover: 13.70 %
Manning's n:  0.052 Pavement:  0.00 %
Splash:  24.91 Rock: 0.43
Ks:  6.67 mm/hr Suction:  115 mm
Porosity:  0.45 Max saturation: 0.93
Cv of Ks: 0.9 Sand:  50 %
Silt:  33 Clay:  17 %
Distribution: 0.3 Cohesion: 0.006 

Soil: STATSGO MUIDs: AZ252, 271, 61
Landcover: Grassland & desertscrub
Topography: moderate relief

Watershed configuration     STATSGO soils NALC land cover
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• 9 channels

+ +

Digital elevation model Flow direction, accumulation maps Stream channels Discretized watershed

user-defined 
outlet location

user-defined
channel source area

Watershed ID:  73
Area:  2.05 km2 Slope: 3.53 %
Width: 528 m Length: 3875 m
Interception: 2.60 mm Cover: 13.70 %
Manning's n:  0.052 Pavement:  0.00 %
Splash:  24.91 Rock: 0.43
Ks:  6.67 mm/hr Suction:  115 mm
Porosity:  0.45 Max saturation: 0.93
Cv of Ks: 0.9 Sand:  50 %
Silt:  33 Clay:  17 %
Distribution: 0.3 Cohesion: 0.006 

Soil: STATSGO MUIDs: AZ252, 271, 61
Landcover: Grassland & desertscrub
Topography: moderate relief

Watershed configuration     STATSGO soils NALC land cover
• 21 planes
• 9 channels

+ +

Digital elevation modelDigital elevation model Flow direction, accumulation mapsFlow direction, accumulation maps Stream channels Discretized watershedDiscretized watershed

user-defined 
outlet location

user-defined
channel source area

 
 

Figure 2.  The transformation of topography, soils, and land cover GIS data into KINEROS2 input 
parameters.  A DEM is used to subdivide the watershed into upland and channel model elements, each of 
which are parameterized according to their soil, topographic, and land cover characteristics. 
 
Similar approaches are used to provide estimates for soil and land cover parameters as required 
by SWAT.   The most sensitive parameter of SWAT is the Curve Number, which is estimated as 
a function of hydrologic group, hydrologic condition, cover type, and antecedent moisture 
condition.  STATSGO data provide information on soil hydrologic group, while cover type is 
determined from classified land cover data.  AGWA assumes a fair hydrologic condition, and 
antecedent moisture group II. Look-up tables following USDA-SCS (1986) recommendations 
are used to estimate Curve Number values for each unique combination of hydrologic group and 
land cover type within a watershed element.  Because the land cover data are grids, this process 
occurs for each cell, and the results are area-weighted to produce a unique estimate of Curve 
Number for the overland flow plane (Table 2). 
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Table 1.  Portion of the look-up table for NALC land cover used by AGWA for the estimation of upland 
element parameters for KINEROS2 (based on expert opinion and Woolhiser et al., 1990). 
 

Land Cover  Interception (mm/hr) Canopy (%) Manning's n 
Grassland 2.0 25 0.050 
Desertscrub 3.0 10 0.055 
Riparian 1.15 70 0.060 
Agriculture 0.75 50 0.040 
Urban 0.0 0.0 0.010 

 
Table 2.  Curve Number look-up table for selected land cover types.  Higher values of Curve Number 
correspond to higher estimates of simulated runoff (based on USDA-SCS, 1986). 
 

Soil Hydrologic Group Land Cover 
A B C D 

High intensity residential 81 88 91 93 
Bare rock/sand/clay  96 96 96 96 
Forest   55 75 80 
Shrubland  63 77 85 88 
Grasslands/herbaceous   80 87 93 
Small grains  65 76 84 88 

 
Rainfall Input:  A variety of methods are available in AGWA to create rainfall input files for 
KINEROS2 and SWAT.  Each of these are described briefly below, and organized according to 
the models for which they are designed. 
 
KINEROS2:  Either distributed or uniform precipitation input can be used with KINEROS2, 
and is provided in the form of storm hyetographs for one or more point locations.  Data from 
multiple point locations is distributed across the watershed by KINEROS2 using a piecewise 
planar time-space interpolation technique (Goodrich, 1991).  Since the spatial component of this 
process is computed by the model itself, it was deemed unnecessary to prepare distributed input 
files in AGWA.  KINEROS2 rainfall input files created outside of AGWA (either uniform or 
distributed) can be used in AGWA without causing and problems.  Methodologies for utilizing 
radar data to build distributed event rainfall files in AGWA are currently being investigated.  
 
Uniform rainfall input files can be created in AGWA using one of two data sources provided 
with the tool, or using data entered by the user. Uniform rainfall, although less appropriate for 
quantitative modeling of individual events, is particularly useful for relative assessment of land 
cover change.  Precipitation data that can be used to generate design storms in AGWA include 
the NOAA Atlas 2 Precipitation-Frequency Atlas of the Western United States (NOAA, 1973), 
and a database of return period storms from various locations.  Both of these sources are 
provided with AGWA, and are currently limited to 11 Western States.  Return period rainfall 
depths are converted it to hyetographs using the USDA-SCS (1973) methodology and a type II 
distribution.  The type II distribution is appropriate for deriving the time distribution of rainfall 
for most of the country, including all of the interior West.  Although the NOAA Atlas 2 data can 
be used anywhere in the western U.S., the database can be easily edited to add data for areas 
where it is not provided, and has the added advantage of the option to incorporate an area-
reduction factor.  The third option of using data entered by the user allows design storm data 
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from any region to be used.  User defined storms are entered in the form of a hyetograph, thus 
providing additional flexibility in defining the time-distribution of rainfall.     
 
SWAT:  AGWA can generate either uniform or distributed rainfall input files for SWAT.  The 
option to create distributed rainfall files uses Thiessen precipitation weighting to compute the 
weighted rainfall depth falling on each subwatershed for each day in the simulation period.  The 
user is automatically routed to the dialog for creating either the uniform or distributed rainfall 
input based on the number of rain gauges with data in a rain gauge point theme that is designated 
by the user.  If there are two or fewer gauges Thiessen polygons cannot be generated and a 
uniform rainfall input file will be created (using the gauge closest to the watershed centroid if 
there are two).  When there are more than two gauges a distributed input file will be written.   
 
Although any gauge data can be used, National Weather Service gauge data are the most widely 
available.  A point theme of rain gage locations and an unweighted daily precipitation database 
file are necessary to generate the input file.  Missing data can be accommodated through a 
weighting scheme that dynamically adjusts the gauge weights according to those gauges that do 
have data for that day.  
 

WATERSHED MODELING WITH AGWA 
 
There are several primary intended uses of AGWA.  For one, AGWA can be used in a research 
environment as a hydrologic modeling tool.  In this setting, the user would be expected to alter 
the look-up tables or estimated parameters manually to allow for more rigorous quantitative 
assessment.  While AGWA is designed to utilize relatively coarse GIS data, it is fully modular, 
which allows for customization and the rapid alteration of the basic assumptions used to provide 
parameter estimation.  In the absence of a rigorous training set for calibration and validation, 
AGWA is well suited for watershed assessment using hydrologic response as a metric of change.  
If multiple land cover scenes are available, a relative assessment of the impacts of land cover 
change on hydrologic response as a function of time may be accomplished following Miller et al. 
(2002).  In the absence of repeat classified imagery, space may be substituted for time and a 
spatial watershed assessment undertaken to compare watersheds relative to one another. 
 
Preliminary research during the development of AGWA was presented by Hernandez et al. 
(2000).  In their study, it was shown that simulated runoff response is sensitive to land cover 
change in both the SWAT and KINEROS2 models and showed how the assumptions inherent in 
the look-up tables determines the direction and magnitude of change.  For example, land cover 
change on a homogenous small watershed from desertscrub to mesquite showed only a 6.7% 
increase in simulated runoff, while a transition to urban resulted in a 46% increase.  Their results 
also demonstrated the impact of calibration and distributed rainfall on model results, both of 
which significantly increased model efficiency. 
 
Recent research by Miller et al. (2002) illustrated the use of AGWA in coordinated ecological 
and hydrologic assessment.  The authors carried out analyses of the ecological changes since the 
early 1970’s within the Upper San Pedro River Basin in southeastern Arizona and the 
Cannonsville Watershed in the Catskill/Delaware region of New York.  AGWA was used to 
simulate average annual water yield changes with the SWAT model in both study areas.  The 
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Cannonsville watershed was found to have improved its watershed condition (decreased runoff 
and increased water quality), while the San Pedro was found to have degraded due to increased 
urbanization and transitions of grassland and desertscrub to mesquite.  The regions that were 
identified as having undergone the greatest hydrologic changes were also identified as high 
transition areas by the ecological analyses.   
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Figure 3.  Model results from the upper San Pedro River Basin and Sierra Vista Subwatershed showing 
the relative increase in simulated water yield as a result of urbanization between 1973 and 1997.  Change 
in water yield for the channels is shown in shades of brown for clarity.   
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Strong spatial variability was found to exist within the San Pedro Basin, and a highly impacted 
subwatershed was modeled using KINEROS2 to assess localized changes as a function of return-
period rainfall events.  In this approach, Miller et al. (2002) used a multi-temporal and multi-
spatial scale approach to assess land cover change impacts on simulated watershed response and 
found that localized changes within the San Pedro Basin were found to have significant impacts 
on simulated runoff volume, peak discharge, and sediment yield (Figure 3).  A small watershed 
near the City of Sierra Vista was identified with the SWAT model as having experienced a high 
degree of change in average annual runoff.  Event runoff from this subwatershed was modeled 
with KINEROS2 to better define the localized impacts of urbanization and mesquite invasion on 
runoff and sediment yield.  This approach illustrates the use of AGWA in both spatial and 
temporal scaling studies for assessment of relative change.   
 

CONCLUSIONS 
 
A GIS-based hydrologic modeling toolkit called the Automated Geospatial Watershed 
Assessment (AGWA) tool has been developed for use in watershed analysis.  This tool has been 
released as open-source and is fully modular and customizable.  AGWA automates the process 
of converting commonly available GIS data to input parameter files for the SWAT and 
KINEROS2 hydrologic models.  Rainfall files for both models can be prepared within AGWA 
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depending on the availability of rainfall data.  Results from these models, such as runoff, peak 
discharge, and sediment yield for each model element, are imported into AGWA and can be 
investigated using a suite of visualization tools.  Since the models operate at different spatial and 
temporal scales, they provide the ability to perform a range of analyses as a function of research 
or management objectives. 
 
Because AGWA is designed to convert generic GIS data, it can be applied on ungauged 
watersheds.  However, in the absence of a calibration/validation exercise, results are best suited 
for relative analysis.  Given repeat classified remote sensing imagery, AGWA provides the 
capability to assess the spatial distribution of the impacts of land cover change on watershed 
hydrologic response.  In the absence of repeat imagery, AGWA may be used to identify portions 
of a study area susceptible to change or high priority management zones. 
 
Current research regarding the effects of remote sensing classification error and the impact of 
geometric complexity on simulated response will provide estimates of uncertainty associated 
with using AGWA in an application setting.  Future research will focus on the application of 
AGWA in a range of hydrologic settings through the use of historical data to ensure that the tool 
can be widely applied with confidence under a range of conditions.   
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 HYDROLOGIC MODELING OF SAN DIEGO CREEK WATERSHED 
 ORANGE COUNTY, CALIFORNIA 
  
 
By James Chieh, Cuong Ly, John Onderdonk, Van Crisostomo, Hydraulic Engineers, U.S. 

Army Corps of Engineers, Los Angeles, California 
 
Abstract:  A watershed feasibility study was conducted for the San Diego Creek Watershed.  
Orange County and the Corps of Engineers sponsored this study.  The purpose of the watershed 
feasibility study will be to develop an integrated “watershed management plan” to maintain, restore 
and enhance activities that contribute to a healthy watershed and bay.  Products of the study include 
the development of models to comprehensively address current hydrologic, hydraulic, and sediment 
transport conditions within the watershed.  Geo-HMS and Geo-RAS were developed by the 
Hydrologic Engineering Center as geo-spatial hydrologic GIS tool kits for engineers and 
hydrologists.  Geo-HMS allows users to visualize spatial information, document watershed 
characteristics, perform spatial analysis, delineate sub-basins and streams, construct inputs to 
hydrologic models, and assist with report preparation.  The current version of Geo-RAS creates an 
import file for HEC-RAS containing river reach and station identifiers, cross-sectional cut lines, 
cross-sectional surface lines, cross-sectional bank stations, downstream reach lengths for the left 
overbank, main channel, and right overbank, and cross-sectional roughness coefficients.  Hydraulic 
structure data are not written to the import file.  Water surface profile data and velocity data 
exported from HEC-RAS may be processed into GIS data sets using GEO-RAS.  This paper presents 
the application of Geo-HMS and Geo-RAS to develop the rainfall runoff model (HEC-1) and 
hydraulic model (HEC-RAS) for the San Diego Creek Watershed.   
 

STUDY AREA 
 
The San Diego Creek watershed is located along the Southern California coast, approximately 40 
miles south of Los Angeles and 75 miles north of San Diego.  Figure 1 is the location and drainage 
area map for the watershed.  The watershed encompasses an area of approximately 98,500 acres 
(154 square miles), with overland flows draining toward the Pacific coast into Newport Bay.  Major 
cities within the watershed include Newport Beach, Irvine, Tustin, and portions of Orange, Lake 
Forest, Laguna Hills, Costa Mesa, and Santa Ana.  The watershed has been rapidly urbanizing over 
the last two decades, with large tracts of agricultural land being transformed into commercial and 
residential uses.  Other land uses include light industrial, county and state open spaces, and federal 
properties.  Two large military facilities are also situated within the study area and are scheduled for 
closure.  These are the El Toro and Tustin Marine Corps Air Stations. 
 
The watershed is bordered to the south and north, respectively, by the San Joaquin Hills and 
Santiago Hills.  The valley portion of the drainage area is the Tustin alluvial plain.  The Tustin 
alluvial plain slopes gently toward the west and connects to the coastal alluvial plain in the lower 
reach near the Newport Bay.   
 
Topographic elevations within the valley range from less than 100 feet to more than 400 feet.  The 
peak elevations of the Santiago Hills and San Joaquin Hills are about 1,775 feet and 1,160 feet, 
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respectively.  The coastal plain is relatively flat and the alluvial plain has slopes ranging from 0 to 
10 percent.  The foothill slopes range from 10 to 75 percent. 
 
The existing San Diego Creek watershed is complicated with various types of man-made, realigned 
or improved channels.  The principle watercourse of the San Diego Creek watershed is San Diego 
Creek, which accounts for 78,080 acres (122 square miles), or about 80% of the watershed area.  
Peters Canyon Wash is a major tributary that joins San Diego Creek approximately 6,000 feet 
upstream of the San Diego Freeway (I-405) crossing (near Jamboree Boulevard).  The tributaries 
located in the upper San Diego Creek basin include Serrano Creek, Agua Chinon/Borrego Canyon 
Wash, Bee/Round Canyon Wash and Marshburn Wash.  Downstream of the confluence with Peters 
Canyon Wash, tributaries include Sand Canyon Wash and Bonita Creek.  The channel reach from 
Culver Drive to Jamboree Road was constructed during the mid-1960’s.  The Greenbelt Channel 
from Culver Drive to Jeffrey Road was constructed during 1978.  The other drainage areas include 
the Santa Ana-Delhi channel, Big Canyon and some additional small tributaries.  All of the channels 
empty into Newport Bay.    
 

INTRODUCTION TO Geo-HMS 
 
In recent years, advances in Geographic Information Systems (GIS) have opened many opportunities 
for enhancing hydrologic modeling of watershed systems.  With the openness to share spatial 
information via the internet from government agencies, commercial venders, and private companies, 
coupled with powerful spatial algorithms, the integration of GIS with hydrologic modeling holds a 
promise of a more effective alternative for studying watersheds.  The ability to perform spatial 
analysis for the development of lumped hydrologic parameters can not only save time and effort but 
also improve accuracy over traditional methods.   
 
Geo-HMS has been developed by the Hydrologic Engineering Center as a geo-spatial hydrologic 
tool kit for engineers and hydrologists.  The program allows users to visualize spatial information, 
document watershed characteristics, perform spatial analysis, delineate sub-basins and streams, 
construct inputs to hydrologic models, and assist with report preparation.  Working with Geo-HMS 
through its interfaces, menus, tools, and buttons, in a windows environment, allows the user to 
expediently create hydrologic input that can be used directly with HEC-HMS or HEC-1.   
 
ArcView is a GIS software developed by ESRI (Environmental Systems Research Institute) as a 
user- friendly interface to display GIS information.  Geo-HMS is an extension of ArcView 
developed using the Avenue programming language and Spatial Analyst.  It includes integrated data 
management and a graphical user interface (GUI).  The relationship between GIS, Geo-HMS, and 
HEC-HMS is illustrated in Figure 2.  
 
 
 
 

MODEL DEVELOPMENT UTILIZING Geo-HMS 
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The basic data needed for hydrologic analysis using ArcView/Geo-HMS is the Digital Elevation 
Model (DEM).  The DEM is simply a file that contains the study area broken up into thousands of 
cells (in our case 30 meter x 30 meter grids).  Each cell has an average elevation associated with it.  
Even though there may be vast changes in elevation within a single cell, the whole cell is given a 
single average elevation.  The number of cells depends on only two factors 1) the size of the study 
area and 2) the dimension of the cell.  DEM can be obtained from the United States Geological 
Service (USGS) in single quad format that needs to be merged if the study area covers more than one 
quad.  However, HEC has 30 meter x 30 meter coverage of the entire state of California.  The DEM 
for the San Diego Creek watershed covers eight quads – Newport Beach, El Toro, Tustin, Laguna 
Beach, San Juan Capistrano, Anaheim, Orange, and Black Star Canyon.  HEC provided us a single 
DEM file that covers the entire watershed. 
 
Once the DEM is obtained, the DEM was processed through ArcView/Geo-HMS.  The next steps 
were to verify, manipulate, and customize the data so that the required information was accumulated. 
Figure 3 displays the first step in the processing of the DEM.  In order to isolate our study area, the 
outlet point of the watershed was selected.  Figure 4 shows the drainage boundary of just the study 
area that was initially processed by Geo-HMS.  This boundary was then compared with previous 
studies and was found to be highly correlated. 
 
The streamline alignments generated by Geo-HMS were then overlaid with the actual streamline 
system provided by Orange County.  The overall correlation was very good except where there were 
underground pipes and culverts.  This case was especially true at the El Toro Marine Corp Air 
Station.  There are three large pipes that carried flow from the canyon mouth down to San Diego 
Creek.  These are underground pipes that cut across the airfield.  Since there is no way for the raw 
DEM to account for underground channels, the DEM must be modified to reflect this condition.  
Hence, the elevations of each cell in the DEM along the alignment of the underground channels were 
modified.  The elevations of each cell along the alignment were changed to an artificially low value, 
thus creating a defined channel.  This process was repeated for all areas where the Geo-HMS 
alignments were drastically different from the actual alignment and have a significant impact on the 
analysis.   Once this process was complete, the modified DEM file was again run through Geo-HMS 
and the verifying process started over again.  This procedure took several iterations until the final 
product was satisfactory. 
 
Concentration Points (CP’s) were selected throughout the watershed at locations of interest based on 
combination of watershed topographic and watercourse features, and requirements of peak 
discharges and hydrographs for hydraulic, sedimentation, environmental and economic studies.  
Subareas merging and splitting were done to reflect the locations of the CP’s.  The final drainage 
area map is shown on Figure 5.   
 
Basic HEC-1 input parameters such as drainage area, length, and slope for each subarea are 
tabulated automatically by GEO-HMS.  A schematic of the watershed is plotted on Figure 6. 
 
 

INTRODUCTION TO Geo-RAS 
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Similar to Geo-HMS, Geo-RAS is an ArcView GIS (developed by Environmental Systems Research 
Institute, 1996 and HEC) extension that provides the user with a set of procedures, tools, and utilities 
for preparation of GIS data for import into HEC-RAS and generation of GIS data from HEC-RAS 
output. While the Geo-RAS extension is designed for users with limited geographic information 
systems (GIS) experience, knowledge of ArcView GIS is advantageous. Users, however, should 
have experience modeling with HEC-RAS and have a thorough understanding of river hydraulics to 
properly create and interpret GIS data sets. 
 
The current version of GeoRAS creates an import file containing river, reach and station identifiers; 
cross-sectional cut lines; cross-sectional surface lines; cross-sectional bank stations; downstream 
reach lengths for the left over-bank, main channel, and right over-bank; and cross-sectional 
roughness coefficients. Hydraulic structure data are not written to the import file. Water surface 
profile data and velocity data exported from HEC-RAS may be processed into GIS data sets.  
However, for this study, velocity data were not exported because it is not required for flood plain 
delineation. 
 

MODEL DEVELOPMENT UTILIZING Geo-RAS 
 
Geo-RAS allows users to create an HEC-RAS import file containing geometric attribute data from 
an existing Arc-Info Triangulated Irregular Network (TIN).  To create the import file, the user must 
have an existing digital terrain model (DTM) of the river system in a TIN format.  The TIN must be 
a continuous surface that includes the bottom of the river channel and the floodplain to be modeled. 
Because all cross-sectional data will be extracted from the DTM, only high-resolution DTMs should 
be considered for hydraulic modeling.  Measurement units used are relative to those in the DTM.  If 
the units of the DTM are not specified, they will not be written to the HEC-RAS import file. 
 
The user creates a series of line themes pertinent to developing geometric data for HEC-RAS.  The 
line themes created are the Stream Centerline, Flow Path Centerlines (optional), Main Channel 
Banks (optional), and Cross Section Cut Lines referred to, herein, as the RAS Themes.  Much of the 
digital elevation data provided by the County of Orange was in the format of digital terrain model 
(DTM) and complementary data sets.  Figure 7 is an aerial photograph of a reach of San Diego 
Creek with selected cross sections.  Figure 8 is a close-up picture of the river reach.  With the 
selected cross sections, GeoRAS can process the DTM to generate the geometry file for HEC-RAS 
input.  
   
GeoRAS creates a file of geometric data for import into HEC-RAS and an export results file from 
HEC-RAS for processing display information using ArcView.  It also enables viewing of exported 
results from RAS.  The import file is created from data extracted from data sets (ArcView 
shapefiles) and from an Arc-Info TIN.   The shapefiles and the TIN are referred to collectively as the 
HEC-RAS Themes.  Floodplain delineations may be displayed by showing the intersection of the 
ground surface TIN and the water surface TIN. 
 
After the geometric data file has been imported into HEC-RAS, the geometric data set and flow data 
must be completed before performing hydraulic computations.  The HEC-RAS hydraulic 
calculations are then conducted in the normal process with all other required parameters.  Exported 
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water surface and velocity results from HEC-RAS simulations may be imported back to the GIS 
using HEC-GeoRAS for spatial analysis.  Figure 9 shows the HEC-RAS model results with table 
output and graphic output.  Figure 10 is a 3-dimensional plot of the calculated water surface using 
Geo-RAS.  Figure 11 presents the calculated 100–year overflow map for San Diego Creek between 
the 405 Freeway and Jeffrey Road. 
 
An overview diagram of the HEC-GeoRAS process is shown in Figure 12.  
 

SUMMARY 
 
The HEC NEXTGEN softwares Geo-HMS and GEO-RAS have been developed by the Hydrologic 
Engineering Center as geo-spatial hydrologic GIS tool kits for engineers and hydrologists.  Geo-
HMS allows users to visualize spatial information, document watershed characteristics, perform 
spatial analysis, delineate sub-basins and streams, construct inputs to hydrologic models, and assist 
with report preparation.  The current version of Geo-RAS creates an import file for HEC-RAS 
containing river reach and station identifiers, cross-sectional cut lines, cross-sectional surface lines, 
cross-sectional bank stations, downstream reach lengths for the left overbank, main channel, and 
right overbank, and cross-sectional roughness coefficients.  Hydraulic structure data are not written 
to the import file.  Water surface profile data and velocity data exported from HEC-RAS may be 
processed into GIS data sets using Geo-RAS.   
 
This paper shows the application of Geo-HMS and Geo-RAS to develop the rainfall runoff model 
(HEC-1) and hydraulic model (HEC-RAS) for the San Diego Creek Watershed.   
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Figure 1 Project Location Map 
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Figure 2 Relationship Between GIS, Geo-HMS, and HEC-HMS 
 

 
Figure 3 Processing of Digital Elevation Model 
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Figure 4 Initial Processed Drainage Boundary Map of Study Area 
 
 

 
Figure 5 Final Processed Drainage Boundary Map of the Study Area 
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Figure 6 San Diego Creek Watershed Schematic Diagram 
 

 
 

Figure 7 Selected Cross Sections for Geo-RAS Model Processing 
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Figure 8 Close-up Picture of the Selected Cross Sections  
 
 
 
 
 

 
 

Figure 9 HEC-RAS Model Output 
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Figure 10  3-Dimensional River Profile Produced by Geo-RAS 

 
 
 
 
 

 
 

Figure 11 100-Year Overflow, San Diego Creek, 405 FWY to Jeffrey Road 
 
 
 
 
 
 
 
 
 
 
 
 

 11
 



 
 
 
 

 
  

 12



 13

Figure 12 Process Flow Diagram for Using Geo-RAS 
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Abstract:  The prairie pothole region of North America, encompassing parts of North and South 
Dakota, Minnesota, Montana, Iowa, and the Canadian prairie provinces, is characterized by 
numerous shallow wetland depressions.  The storage and evaporation of water from these 
potholes causes a substantial reduction in runoff.  In aggregate, the incremental evaporation due 
to the presence of potholes can be many times higher than the runoff itself. 

For decades, however, many of these glacially-created prairie pothole wetlands were drained for 
farming or other purposes.  Now in some watersheds, restoration of drained depressions is being 
considered as a potential option for reducing total annual and/or peak flood flows from the 
watersheds.  

Due to the complex networked nature of the flow between the prairie potholes, traditional 
hydrologic models do not properly account for the flow interactions between these shallow 
depressions.   These models therefore cannot accurately predict the storage and evaporation 
caused by the depressions.  Similarly, the impact of the restoration of individual drained 
depressions cannot be properly modeled using existing hydrologic models.  Therefore, a new 
model was created to predict the impact of depression storage and restoration on runoff in 
regions with substantial numbers of wetland depressions. 

The model was written in Microsoft Visual Basic 6.0 (Visual Basic for Applications) inside a 
Microsoft Access database.  Detailed geographic information is generated from GIS data sets and 
imported into Microsoft Access.  Using ArcView GIS and HEC-GeoHMS, the drainage basin is 
divided into thousands or tens of thousands of subbasins and the corresponding stream network 
is delineated.  The surface area, volume, pour point, and contributing drainage area for each 
depression is also computed.  Each depression is assigned to a subbasin and categorized as on-
river  (depressions that intersected a stream) or off-river (depressions that did not intersect a 
stream). 

Using a daily time step, the model applies precipitation (rainfall plus snowmelt) to a subbasin, 
performs soil moisture accounting calculations (infiltration, percolation, and evapotranspiration), 
computes runoff into off-river and on-river depressions, determines the evaporation from the 
depressions, and routes the excess to on-river depressions in the downstream subbasins.  
Groundwater recharge to the depressions and infiltration from the depressions is not simulated.  
Typical model simulation times range from 10 years to 50 years. 

In a test case, the calibrated model accurately simulated runoff volumes.  This model was 
subsequently used to evaluate runoff resulting from depression restoration. 
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INTRODUCTION 

The North American prairie pothole region is characterized by a high density of shallow wetland 
depressions within a relatively flat grassland environment.  This region, which extends from 
central Iowa to central Alberta covering over 700,000 km2, includes portions of North and South 
Dakota, Minnesota, Montana, Iowa, and the Canadian prairie provinces (Kantrud et al., 1989).  
Between the 1950s and 1985, many of the glacially-created prairie pothole wetlands were 
drained for farming or other purposes.  In 1985, the “Swampbuster” provision was passed by the 
United States Congress, which restricted the draining of wetlands in the United States. 

Prairie potholes vary in surface area from a several square meters to a square kilometer or more.  
The maximum depth of these depressions varies from a few centimeters to several meters.  
Generally, the depth increases with surface area. 

The primary hydrologic function of the prairie potholes is their ability to store water.  The runoff 
from rain and snowmelt collects in these depressions, and subsequently evaporates or infiltrates 
into the soil.  The loss of water to evaporation is generally greater than the loss to 
evapotranspiration that would have taken place through the soil or foliage in the absence of a 
depression.  Therefore, each depression that can store water tends to increase the evaporative 
losses and to decrease the volume of runoff in a watershed. 

Prairie pothole depressions have been drained or disturbed for farming or other human activities.  
Some of the depressions have been plowed over, which tends to decrease the depression storage 
capacity over time.  Drainage ditches have been constructed to drain depressions.  The storage 
capacity of the disturbed and drained depressions has been significantly decreased or completed 
eliminated.  Consequently, the volume of runoff in these areas has increased. 

Currently, in some watersheds, the restoration of drained and disturbed depressions is being 
considered as a potential option for reducing the volume of runoff.  The active storage capacity 
of a depression depends on the type of storm and runoff (rainfall or snowmelt), the contributing 
drainage area, the capacity of the upstream depressions and other climatic factors.  A hydrologic 
model, the Pothole-River Networked Watershed Model (PRINET), was developed to simulate 
depression storage, soil storage and runoff to quantify the runoff reduction volume resulting from 
depression restoration.  The model inputs and algorithms are described in the following sections.  
Recommendations for future refinements are presented at the end of the paper. 

MODEL DESCRIPTION 
The depressions in a watershed are delineated using digital terrain models.  The depressions are 
classified as intact or drained based primarily on aerial photographs.  The contributing drainage 
area for each depression is computed. 

The watershed is divided into numerous subbasins.  The stream network connecting the 
subbasins is delineated.  Each depression is assigned to a subbasin and designated as on-river 
(intersecting a stream) or off-river (not intersecting a stream).  Depression storage is modeled for 
only those depressions classified as intact.  The surface area of each subbasin is separated into 
two categories:  (1) intact depressions, and (2) soil (subbasin area minus intact depression 
surface area).  The drained depressions are assigned to the soil areas. 
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The computational sequence and the hydrologic processes are summarized below and illustrated 
in the flowchart included in Figure A.  The model performs the following ten computations on a 
daily basis: 

1. Determine precipitation and evaporation for each day. 

2. Add precipitation to the soil moisture and to the depressions. 

3. Determine infiltration of precipitation into the soil, and update the soil moisture level 
accordingly. 

4. Any precipitation that does not infiltrate runs off into intact depression storage.  A 
separate accounting is made of on-river and off-river depressions. 

5. Add source flow, if any, at the appropriate locations. 

6. Evaporation is calculated for each subbasin’s intact depressions and the water storage 
volume is reduced accordingly. 

7. Evapotranspiration is calculated for each subbasin’s soil and the moisture level is 
reduced accordingly. 

8. Percolation is determined for subbasins where the soil is sufficiently saturated to 
permit percolation. 

9. When the depression water volume of a subbasin’s off-river depression storage 
exceeds the off-river depression storage capacity, the excess runs off into the on-river 
intact depression storage of the same subbasin. 

10. When depression water volume of a subbasin’s on-river depressions exceeds 
depression storage capacity, the water flows into the intact on-river depression 
storage of the next downstream subbasin, or to the outlet of the watershed if there are 
no downstream subbasins. 

The outputs of PRINET include daily runoff volumes at the outlet of the watershed, as well as 
runoff at any subbasin in the watershed, if requested.  Information regarding aggregate 
depression storage and soil moisture is recorded on a daily basis.  Daily precipitation, infiltration 
and percolation volumes for the watershed are also recorded.  The typical simulation duration for 
a PRINET model is 10 to 50 years. 

Detailed descriptions of the geometric inputs, climatic inputs and the hydrologic algorithms are 
included in the following sections. 

GEOMETRIC INPUTS 

ArcView GIS, Version 3.2a, developed by the Environmental Systems Research Institute (ESRI) 
is used in conjunction with HEC-GeoHMS (Hydrologic Engineering Center, 2000) to process a 
digital elevation model (DEM) to develop the geometric inputs for the hydrologic model.  The 
DEM processing creates a set of three grids used to generate the subbasins, stream network and 
depressions.  These grids are the hydrologically corrected grid (filled grid), a flow direction grid 
and a flow accumulation grid. 
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Figure A.        PRINET Computation 



 

The hydrologically corrected, or “filled” grid, is generated by filling depressions (i.e., sinks) in 
the original DEM.  The elevation of each grid cell is compared to its eight neighboring cells.  If 
the elevation of the middle cell is lower than all of the surrounding cells, the elevation of that 
middle cell is increased to the elevation value of the lowest neighboring cell.  Once the filled grid 
is created, the flow direction is calculated for each cell by comparing the slope from a grid cell to 
each of the neighboring eight cells.  The water flows in the direction of the steepest downward 
slope.  After the flow direction for each cell has been determined, the flow accumulation grid is 
created.  The number of upstream cells draining into a given cell is computed and stored in the 
flow accumulation grid.  The drainage area to any cell can be computed from the flow 
accumulation grid. 

 
Figure 1.  Schematic of subbasins, stream network and depressions. 

 

Subbasin and River Network:  HEC-GeoHMS generates a “River” theme and a “Watershed” 
theme based upon the three grids described above.  The “River” theme is a line theme showing 
the stream network, which is used by PRINET to determine the sequence of flow between 
subbasins.  The user inputs a value for the minimum flow accumulation threshold that defines a 
stream.  Subbasins are defined for each stream segment and stored in the “Watershed” theme.  
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The size and number of subbasins generated are a function of the minimum stream threshold.  
The subbasins and stream network are illustrated in Figure 1. 

The subbasins can be grouped into different regions having similar characteristics such as soil 
type, land use, slope, streamflow gage locations etc.  The hydrologic parameters can be different 
for each region. 

Depressions:  Depressions are divided into two categories: those that intersect the river network 
(on-river depressions) and those that do not intersect the river network (off-river depressions).  
Figure 1 illustrates how each depression is classified as on-river or off-river. 

Depression storage and surface area is accounted for by subbasin.  The volumes and areas of all 
on-river depressions that appear in one subbasin are summed.  The volumes and areas of off-
river depressions are accounted for similarly. Of these, only those depressions classified as  
intact are used to calculate the depression volume and area.  Flow from upstream subbasins 
cascades into the downstream on-river depressions.  In contrast, only excess runoff from the 
immediate drainage area associated with the off-river depressions fills the off-river depressions.  
When the volume of the off-river depressions in a particular subbasin is exceeded, the excess 
flows into the on-river depressions. 

 
Figure 2. Watersheds delineated based on pour points. 

 

The pour point for each depression (i.e., the point within the depression having the highest flow 
accumulation value) is determined using ArcView GIS.  The contributing drainage to each pour 
point (i.e., to each depression) is calculated.  Since each depression is assigned to a subbasin, 
each subbasin’s drainage area is defined as the sum of the contributing areas of the intact and 
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drained depressions in that subbasin.  This replaces the subbasin area originally computed by 
HEC-GeoHMS. 

These contributing drainage areas for each subbasin are further divided into two parts: (1) 
contributing area for on-river depressions, and (2) contributing area for off-river depressions.  
When surface runoff occurs in the model, the on-river depression volume receives runoff from 
the on-river contributing area, while the off-river depression volume receives runoff from the 
off-river contributing area. 

Precipitation on the intact depression surface area is added to the depression storage.  Infiltration 
from the intact depressions is not modeled.  Infiltration does occur on the non-depression land 
surface area and the drained depression surface area. 

Because of the different contributing areas and shapes of each depression, and the complex 
network of flow from one depression to another, it is best not to lump many depressions together.  
The need to resolve the depressions and subbasins to a very fine resolution, and to model their 
networked flow, was in fact the primary motivation behind the development of PRINET. 

Lakes:  Lakes are modeled in the same manner as intact depressions.  However, the outflow 
from a lake is determined from a user-specified storage-outflow relationship. 

CLIMATIC INPUTS 

Seasonal Variables:  Two seasons are required to simulate different climatic and soil conditions 
that occur during winter and non-winter conditions.  An explicit frozen ground algorithm is not 
included in the model.  Therefore, different infiltration and percolation rates associated with 
frozen and unfrozen ground conditions are required to adequately model snowmelt runoff.  The 
hydrologic parameters (i.e., infiltration, percolation, evapotranspiration coefficient etc.) can vary 
by season.  

There are two seasons established per year:  the “High” season (which occurs in warm weather), 
and the “Low” season (which occurs in cold weather).  For each subbasin, the transitions 
between seasons are determined using a 30-day moving average of the average daily 
temperature.  When in the Low season, once the moving average temperature climbs above a 
certain “cutoff” temperature (for example 45oF), the season changes to High.  Similarly, when in 
the High season, once the moving average temperature drops below a certain cutoff temperature, 
the season changes to Low (for example 35oF).  The cutoff temperatures used to determine the 
season transitions could be fixed or adjusted during model calibration.  A smoothing function is 
used to adjust the infiltration rate gradually between season transitions. 

Precipitation and Snowmelt:  The average temperature and precipitation records are required 
for at least one gage location.  Each subbasin is assigned to a precipitation gage. 

Precipitation is divided into rainfall and snowfall, depending on the average daily temperature 
(the average of the recorded high and low temperatures).  In the model, the average temperature 
dictates whether snow accumulates, snow melts, rain falls, or a combination occurs.  The 
precipitation applied to each subbasin is the rainfall plus snowmelt combination. 

The algorithm used to generate the snowmelt plus rain is identical to the degree-day method used 
in HEC-1, the U.S. Army Corps of Engineers Hydrograph Package (Hydrologic Engineering 
Center, 1990).  First, rainfall is calculated as follows:  If the average temperature is less than or 
equal to the freezing temperature plus 2 degrees Fahrenheit, all precipitation falls as snow and 
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accumulates in the snow pack as a snow-water equivalent.  If the average temperature is above 
the freezing temperature plus 2 degrees Fahrenheit, all precipitation falls as rain.  Second, 
snowmelt is calculated.  If the average temperature is above the freezing temperature, snowmelt 
(in inches) is calculated by multiplying the difference between the average daily temperature and 
the freezing temperature by a factor.  

Evaporation:  Daily evaporation is a required input to the model.  Daily evaporation data can be 
obtained from pan evaporation measurements or from independent models. 

HYDROLOGIC PROCESSES 

Soil Storage, Infiltration and Percolation:  Illustrated in Figure 3 are some of the variables 
used in the soil moisture accounting routines in PRINET.  All dimensions are depths of 
equivalent water; they do not correspond to physical depths nor do the dry or wet areas 
correspond to physical locations.  PRINET tracks soil capacity (the dry portion of the soil 
storage) as a depth in meters for each subbasin on a daily basis.  Soil capacity is decreased by 
infiltrated precipitation.  Soil capacity is increased by evapotranspiration or percolation, the same 
as in HEC-HMS (Hydrologic Engineering Center, 2001).   

The soil is divided into two zones: the upper zone and the tension zone.  The upper zone, which 
represents the water held in the pores of the soil, loses water to both evapotranspiration and 
percolation.  The tension zone, which represents water attached to the soil particles, loses water 
only to evapotranspiration. 

 
Figure 3. A schematic representation of soil profile, with variables labeled. 

 
The actual infiltration rate (the amount of precipitation that can permeate into the soil on a given 
day) for a subbasin for a simulation day is based on the maximum potential infiltration rate, 
which is adjusted as a function of soil saturation.  The actual potential infiltration for each time 
step is computed in the following equation: 

Actual potential infiltration = maximum potential infiltration * (soil capacity / potential soil capacity) 
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Since soil capacity, which is re-computed daily, is a measure of dryness (see Figure 3), the 
maximum actual potential infiltration occurs when the soil is completely dry.  As the soil 
capacity decreases (i.e., the soil becomes more saturated), the actual potential infiltration is 
reduced. 

Percolation is the loss of infiltrated water to groundwater.  Percolation, if it occurs, increases the 
soil capacity by the percolation amount.  Percolation is only permitted if the soil capacity on a 
given day is less than the upper zone depth (see Figure 3).  Since the upper zone is generally very 
small, percolation only begins when the soil is close to saturation. 

First, the actual potential infiltration rate for a subbasin is calculated.  If the precipitation amount 
for the day exceeds that rate, all excess (the excess of precipitation minus infiltration) runs off 
into the intact depressions of the subbasin.  Soil storage and infiltration is not modeled within the 
surface area of the intact depressions. 

Soil Evapotranspiration:  The potential evapotranspiration for each simulation day is based on 
the daily evaporation input and an evapotranspiration coefficient.  The daily evaporation, 
multiplied by the evapotranspiration coefficient, is the potential evapotranspiration (potential 
ET): 

Potential ET = Daily Evaporation * ET Coefficient 
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Figure 4. Relationship between actual ET and the tension zone capacity. 

 

Actual soil evapotranspiration is calculated based on the relationship shown in Figure 5, which 
has been adapted from Bennett (1998).  It is the method used by HEC-HMS to calculate 
evapotranspiration.  As the soil moisture is depleted (i.e. the soil capacity increases), the 
evapotranspiration rate decreases.  This represents the natural increasing resistance in removing 
water attached to soil particles. 
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Depression Evaporation:  The daily evaporation rate is used to calculate the evaporation from 
the water stored in the intact depressions.  As the volume of water in the depressions decreases, 
so does the surface area available for evaporation.  The relationship used to compute the surface 
area available for evaporation is: 

Surface Area for Evaporation = 

        Depression Surface Area When Full * (Current Volume of Water / Depression Volume) 0.5 

For example, if the depression is 40 percent full, the surface area for evaporation is (0.40) 0.5 = 
0.632 times the depression surface area.  The daily evaporation data is applied to this surface 
area to determine the volume of evaporation.  Evaporation computations are performed by 
subbasin.  Since each subbasin’s depression volume is grouped by on-river and off-river 
depressions, the evaporation calculation was applied separately to each.  The area-volume 
relationship in the equation above was derived based primarily on the shape of some sample 
lakes. 

MODEL CALIBRATION & VERIFICATION 

The model should be calibrated to existing conditions before the restoration of drained 
depressions is analyzed.  Runoff values at different locations within a watershed can be 
calibrated to observed streamflows.  Regression analysis is not appropriate because long-term 
hydrologic scenarios (using historical data or forecasts) are generally used in the analysis rather 
than specific events such as the 100-year storm, 50-year storm etc. 

The calibration should be performed over a physically and climatically homogeneous period.  
The primary calibration objectives should be to (1) match the computed and observed runoff 
volumetric totals for the entire long-term calibration period, and (2) match the pattern of dry, 
average and wet runoff years.  Secondary objectives should include matching the annual runoff 
volumes and peak flows. 

The calibration should be conducted in a manner such that the calibrated model can be used in a 
predictive mode.  It is recommended that none of the model parameters (season cut-off 
temperatures, infiltration, percolation, evapotranspiration coefficients etc.) be varied annually.  
The number of parameters varied by region should be minimized.  The variability in the 
parameters by region should correspond to differences in the physical characteristics of the 
regions. 

Ideally, if there is a long enough historical record in the homogeneous period, the calibrated 
model should be verified to historical data. 

ANALYSIS OF RESTORED DEPRESSIONS 

To analyze the impacts on the watershed runoff from depression restoration, drained depressions 
are reclassified as intact depressions.  Various climatic scenarios (wet, dry, average etc) can be 
simulated to analyze the effectiveness of restoration under different conditions. Since the 
contributing drainage areas are modeled for each of the depressions, only the runoff from the 
area that drains to the depression, plus any overflow from upstream depressions, fills the 
depression.  Some depressions may have large contributing areas that may cause overtopping 
whereas some depressions may not.  Depending on the depression surface area and evaporation 
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rate, the amount of storage carry-over from year to year will vary with the depression 
characteristics. 

The runoff reduction can be maximized by optimally choosing the depressions for restoration.  
Potential optimization includes selection by contributing drainage areas, by location (i.e., 
restoring in areas having high runoff and a large percentage of drained depressions), and by 
depression size or volume. 

In a test case, the restoration of drained depression decreased the runoff volume.  The average 
annual runoff reduction was about 90-95% of the difference between the evaporation in the 
restored depressions and the percolation and evapotranspiration from the same soil area before 
restoration.  The runoff reduction was less than 100% of the difference because the addition of 
an intact depression has the effect of slightly lowering average water levels, and thus 
evaporation, in neighboring depressions. 

CONCLUSIONS AND RECOMMENDATIONS 

Since the results of this study indicate that depression restoration can reduce the volume of 
runoff in a watershed, further studies should be conducted to more accurately quantify the runoff 
reduction resulting from depression restoration.  

The hydrologic model, PRINET, was developed to determine whether depression restoration 
would significantly affect the runoff from a watershed in the prairie-pothole region.  Due to data 
and time constraints, some simplified algorithms for depression storage and evaporation, 
snowmelt and frozen ground were incorporated into the model.  These algorithms were 
appropriate for this study.  However, the following model refinements are recommended for 
more detailed analyses: 

• The PRINET model did not include a soil moisture algorithm beneath the depressions.  
Instead, the depressions were modeled as hard-bottom “bowls”.  Consequently, infiltration of 
water from a depression into the soil and evapotranspiration from the soil in the dry portions 
of a depression (when the depression was less than 100 percent full) were not modeled.  
Therefore, the model is probably underpredicting the net total evaporation (free surface 
evaporation plus evapotranspiration from the soil) in the depressions.  A soil moisture 
accounting algorithm with infiltration and evapotranspiration within the depressions should 
be added to the model. 

• A relationship of surface area versus storage was developed for the depressions.  This 
relationship was in the envelope of area-storage curves provided for several sample lakes.  
The digital elevation models could be used to refine the area-storage relationships of the 
individual depressions. 

• The degree-day method was used to simulate snowmelt in PRINET.  A more rigorous energy 
budget algorithm could be developed if the required data are available. 

• An infiltration/season break was incorporated in the model to simulate frozen and unfrozen 
ground conditions (i.e., low and high infiltration conditions).  A 30-day moving average of 
the average daily temperature is used to transition between the two conditions.  The volume 
of runoff is sensitive to the infiltration break.  A more physically-based algorithm should be 
incorporated into the hydrologic model. 
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Abstract:  The Huntington District of the Corps of Engineers is working to develop better 
operating strategies for reservoirs in the Big Sandy River Basin in order to respond to the 
competing demands of multiple stakeholders in the basin, including flood control, whitewater 
recreation, water supply, and water quality.  The Basin includes five reservoirs and several 
downstream gage controls.  STELLA is a software package that can be used for building and 
simulating models of dynamic systems and processes.  A simple set of building block icons was 
used to construct and map the reservoir regulation process in the Big Sandy Basin. A modeling 
tool was developed using STELLA software to assist the Corps in quickly and easily evaluating 
operating scenarios and investigating impacts to the various stakeholders.  This tool was recently 
applied to evaluate the impacts of various water supply options for Paintsville Lake and 
Yatesville Lake on the Basin.  Multiple withdrawal options were evaluated for each location. 
Additionally, logic was added to improve operations to meet downstream minimum flow 
constraints in order to minimize impacts on whitewater (recreational) releases.   
 
The economic market associated with whitewater rafting and the need for water supply has 
increased to such a degree that efforts are currently being made by the Corps of Engineers to find 
better hydrologic models to analyze watersheds for water control purposes. Congressional 
concern brought on by public interest has resulted in the involvement of the Corps of Engineers 
in evaluation of augmentation flows for water quality, whitewater and other project purposes. 
Whitewater releases from an existing reservoir project may be appropriate and in the public 
interest as long as the change does not significantly affect other project purposes or cause other 
adverse effects.  This paper will explain how the Huntington District determines the optimal 
operational approach for Flannagan, Paintsville, Dewey, Fishtrap, and Yatesville Reservoirs of 
the Big Sandy Basin (see Figure 1) to provide specific outflow releases.  All projects were 
evaluated based on multi project operations to find the optimal approach to increasing the 
reliability of the required flows at certain specified control points.  The effects of these changes 
in project operations were assessed and a conclusion was reached concerning an appropriate 
operational plan.  
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INTRODUCTION 
 
Model Characteristics: STELLA has three model layers. These are the high-level mapping 
layer, the model construction layer, and the equations/data view.  
 

• High-level mapping layer is where users typically run the model.  This layer has a user 
interface to change modeling assumptions and view model results. 

• Model construction layer shows the various objects that were used to define the system 
and how these objects relate to one another.  A mouse can be used to view the equation 
and the associated data when the object appears. 

• The equations/data view layer is a listing of all equations and data.  It serves as a listing 
of model source codes. 

 
The STELLA model is dynamically linked to two Excel spreadsheets. The first spreadsheet 
contains all the input data. This including historic time series data representing inflows, control 
flows, special operational releases, and seasonal rule curve information, stage-storage and 
storage-stage tables for each of the lakes.  These data are dynamically linked to the STELLA 
model.  Changing the spreadsheet will change the model input data automatically.  However, 
changing the location of the data will not automatically update the STELLA model. The second 
spreadsheet is a recipient of STELLA output.  This spreadsheet includes historical observed and 
modeled gage flow, lake elevation, and lake release.  Every time STELLA is run, the modeled 
data in this spreadsheet will be updated.  The spreadsheet also includes built in graphics 
including: 
 

• Time series plots of observed versus modeled gage flow 
• Time series plots of observed versus lake elevation 
• Time series plots of observed versus lake release 
• Scatter plots of observed versus modeled gage flow 
• Scatter plots of observed versus modeled lake elevation 
• Scatter plots of observed versus modeled lake release 

 
Basin Description: The Big Sandy River lies entirely within the State of Kentucky; however, the 
total watershed area of 11,093 km2 (4,283 sq mi) also drains portions of Virginia and West 
Virginia.  The Big Sandy River is formed by the junction of Tug and Levisa Forks at Louisa, 
Kentucky, and flows in a general northerly direction for 43.2 km (26.83 mi) to its junction with 
the Ohio River at Kenova, West Virginia, and Catlettsburg, Kentucky.  The river, along its entire 
length, forms a part of the boundary between the states of Kentucky and West Virginia. Levisa 
Fork and Tug Fork are the two largest tributaries of the Big Sandy River Basin draining 6,022 
(2325.2) and 4,037 km2 (1558.8 sq mi), respectively, of the total basin.  The Big Sandy Basin is 
irregular in shape, having a length of about 169 km (105 mi) and a maximum east-west width of 
146 km (91 mi).  Figure 1 provides a schematic of the basin and Table 1 provides pertinent 
information on each reservoir project. 
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Figure 1.  Schematic of the Big Sandy Basin. 
 

 
 

Table 1.  Big Sandy Basin Reservoir Data. 
 

Total Storage Project Drainage Area 
(sq mi) Ac-Ft Inches of Runoff 

Dewey 206.0 93,300 8.4 
Flannagan 221.0 145,700 13.4 
Fishtrap 392.0 164,360 7.8 
*North Fork of Pound 17.2 11,293 12.03 
Paintsville 92.5 73,462 14.97 
Yatesville 208 83,300 7.5 
 *Not Considered (Upstream from Flannagan) 1 in = 25.4 mm, 1 ac-ft = 1,233.5 m3,  
       1 sq mi = 2.59 km2 
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MODEL DEVELOPMENT 
 

Reservoir Simulation:  The study of droughts and the statistical analysis for water supply can 
involve many variables, known and unknown, dependent and independent, with the measure of 
severity changing from the amount of rainfall deficiency to the duration of time without adequate 
moisture replenishment.  Droughts are serial in that a six-month drought cannot occur without 
first experiencing a moderate to severe 1 month, 2 month, etc., drought.  It follows that a multi-
season drought may begin with that same 1 month drought, the severity of the total drought 
changing as the duration increases.  This becomes extremely important in the analysis of water 
supply involving reservoirs where storage needs to be sufficient to cover the demand over 
multiple-seasons. Analysis of the dependability of water supply can be performed using many 
methods from simple mass flow curves to sophisticated statistical analysis of historic flow 
records.  Because of the many factors involved, however, a statistical analysis of the results of a 
sequential reservoir simulation using an adequate period of historical flow records is considered 
to give the best indication of probable yield from a specified reservoir storage increment.  A 
reservoir simulation model can incorporate the variability of streamflow and various demand 
schedules to produce results that can readily be analyzed to determine effects of withdrawal on 
other project purposes, both upstream and downstream from the reservoirs.  The computer model 
used for this reservoir simulation was developed by GKY and Associates, Inc. (GKY&A), and 
uses High Performance Systems, Incorporated STELLA software.  The program uses daily 
inflow values, downstream control point incremental flows, and a series of operator supplied 
control parameters to simulate the daily operation of the reservoirs.  Lake storage and whitewater 
or other low flow purposes are defined by the upper limiting guide curve.  The program will 
release all inflow, subject to flood control requirements, when the lake elevation is at or above 
the upper limiting guide curve.  When the lake elevation is below the upper limiting guide curve, 
the program determines the amount of inflow which may be stored if the inflow is greater than 
the required whitewater or low flow demand, and if the inflow is insufficient for these purposes, 
the program determines the amount of flow to be released from storage to make up the release 
shortage.  The program also allows the reservoir to be operated for downstream control points if 
a minimum flow at the downstream control locations is desired.  Program input and output uses 
Microsoft Excel to easily manipulate the data (both for historical and simulated) for post-
processing. The model simulates lake releases in response to seasonally based operational 
controls and historical inflow data.  The model includes five lakes (Flannagan Lake, Fishtrap 
Lake, Dewey Lake, Paintsville Lake, and Yatesville Lake) and seven downstream controls 
(Bartlick, Elkhorn City, Pikeville, Prestonsburg, Paintsville, Huntington, and Fullers).   
 
Available Data:  For each lake the Huntington District (Corps) supplied desired winter and 
summer pool elevations, schedule for pool changes, and minimum and maximum discharges for 
both summer and winter operations. For each downstream control the Corps supplied historic 
flows, the travel time from contributing lakes (the model rounds travel time to the nearest day 
since it uses a daily time step), maximum control flow (summer and winter), and the natural 
discharges (historic flows with reservoir releases removed).  The period or record stages were 
provided for the Fullers gage. The assumptions associated with lake and gage operational 
constraints are summarized in Tables 2, 3, and 4.  Unless otherwise stated, the elevation unit 
system used in the report is NVGD. 
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Table 2.  Lake Operational Data. 
 Pool Elevations (ft)  
 Transition Periods Elevations 
 Refill Drawdown Summer Pool Winter Pool Spillway Crest1 

Flannagan Lake 4/1-4/15 10/1-12/1 1396 1380 1446 
Fishtrap Lake 4/1-4/15 9/4-12/1 757 735 825 
Dewey Lake 4/1-4/15 11/1-12/1 650 645 686 
Paintsville Lake 4/1-4/15 10/1-12/1 709.5 709.5 731 
Yatesville Lake 4/1-4/15 10/1-12/1 630 624 645 
 Lake Releases (cfs)  
 Summer Winter  

 Minimum Maximum Minimum Maximum  
Flannagan Lake 50 2025 10 2025  
Fishtrap Lake 75 2330 10 4062  
Dewey Lake 10 1240 10 1545  
Paintsville Lake 252 310 10 530  
Yatesville Lake 26.5 800 25 1509  
1All storage above spillway is assumed to spill the next day. 1 cfs = 0.0283 m3/s 
2When Paintsville Stage < Paintsville Flood Pool, the minimum release is 10. 
 

Table 3.  Gage Discharge Constraints. 
 

 Maximum Gage Flows (cfs) 
 Summer (4/15 - 11/31) Winter (12/1 - 4/14) 
Bartlick 7,132 7,132 
Elkhorn City 10,990 10,990 
Pikeville1 13,875 27,049 
Prestonsburg 14,800 28,220 
Paintsville 15,100 24,800 
Fullers 452 452 
1Minimum water quality flow of 190 cfs. 1 cfs = 0.0283 m3/s 
2Maximum Stage (ft)   

 
Table 4.  Travel Times From Lakes to Gages (days). 

 

From: 
Bartlic

k Elkhorn 
Pikesvill

e Prestonsburg
Paintsvill

e 
Fuller

s Ashland 
Flannagan 0 0 0 1 1 2 3 
Fishtrap - - 0 1 1 2 3 
Dewey - - - - 0 1 2 
Paintsville - - - - 0 1 2 
Yatesville - - - - - 0 2 
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Model Calibration: The reliability of a reservoir simulation analysis is enhanced with flow data 
that accurately represents the characteristics of the basin.  The District provided the base input 
data to GKY&A for the STELLA model.  Systematic flow records have been collected for the 
Big Sandy Basin and its tributaries since about 1925 although some station records are not 
continuous and other stations were established at a much later date.  The District focused on 
generating an input record for only a 3-year period (1988-90) for calibration.  Actual flows were 
routed and combined in order to recreate the recorded USGS gage data.  The results achieved 
from this comparison were very favorable and supported proceeding to the modeling stage.  
Subsequent modeling involved the 59-year period extending from 1940 through 1998.  A long 
period of record is required in order to evaluate operations over a range of hydrologic conditions. 
 

RESULTS OF ANALYSIS 
 
Simulations: The current downstream control discharges and reservoir operation parameters 
were employed to generate results from the STELLA model.  The simulated and actual historical 
flows and reservoir storages were visually compared and verified for accuracy.  Figure 2 shows 
observed and modeled reservoir stage for the three year calibration period.  The model followed 
observed data very closely with the exception of December of 1990 when Flannagan Lake was 
significantly lowered for maintenance activities. 
 

Figure 2.  Observed Versus Modeled Elevations for Flannagan Lake. 
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After the model was calibrated for the three-year period, the model was run with 59 years of 
daily inflow under various water supply withdrawals.  Modifications to the model to evaluate 
changes in reservoir operation parameters and downstream flow constraints are controlled with a 
graphical user interface (GUI).  Figures 3 and 4 show selected portions of the graphical user 
interface (GUI) for the model.  The GUI allows a user to quickly and easily change operating 
assumptions, such as water supply withdrawal, desired seasonal water surface elevation, 
maximum and minimum controlled releases, whitewater release operations, and minimum in-
stream flow. Figures 5 and 6 show segments of the model construction layer and the 
equation/data view of the basin model. 
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Figure 3.  User Interface for Flannagan Lake Operations (High Level Mapping Layer). 
 

 
 
 

Figure 4.  User Interface for Downstream Control Constraints 
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Figure 5. Model Construction Layer 

 
 

Figure 6. Equation/Data View Layer 
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Statistics: The STELLA model is dynamically linked to an Excel spreadsheet that includes 
Visual Basic programming to generate the following reservoir-specific performance statistics and 
report-quality graphics for an operational scenario: 
 

• Monthly and annual minimum elevation frequency curves; 
• Monthly and annual maximum elevation frequency curves; and 
• Minimum 7-day average flow CDF curves for select gage locations. 

 
All statistics built into the model are based on the Median distribution (plotting position) where 
probability = (rank-0.3)/(population+0.4).  Since all elevation frequency curves are presented on 
a semi-log scale, semi-logarithmic interpolations are made to calculate benchmark exceedence 
probabilities (2, 5, and 10 percent). 
 
The Corps is currently considering a water supply withdrawal from Paintsville Lake. In order to 
meet this need, the model was run for withdrawals ranging from 0 to 37,850 m3/d (10 mgd).  
Figures 7 and 8 show select performance graphics that are automatically created in the 
spreadsheet (several dozen graphics are created for each reservoir to illuminate minimum and 
maximum elevation statistics in order to evaluate both drought and flooding impacts of 
alternative operations).  Figure 6 shows minimum elevation frequency curves for the month of 
October for a number of withdrawal scenarios. The analysis showed that minimum Paintsville 
elevation is not very sensitive to withdrawal during the spring (April, May, and June).  In fact, in 
May the 50-year minimum elevations for withdrawals of 0 and 37,850 m3/d (10 mgd) differ by 
only approximately 150 mm (0.5 ft).  The sensitivity to water supply withdrawal increases in the 
summer and fall and is highest in winter (January and February). 
 

Figure 7.  Paintsville Minimum Elevation Frequency Curves – October. 
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Figure 8.  Paintsville Minimum Elevation w/ 2 percent Exceedence. 
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Data from these monthly curves are used to derive benchmark exceedence probabilities of 2, 5, 
and 10 percent.  Figure 7 presents the 2 percent exceedence curve.  As shown in this figure, the 
deviation between the minimum elevation and the flood pool (in other words, the drawdown 
below desired elevation) is greatest during the winter and approaches zero in the spring.  For the 
2 percent exceedence probability (50 year event), the minimum elevation varies from 
approximately 0.61 m (2 ft) below flood pool for no water supply withdrawal to approximately 
2.59 m (8.5 ft) below flood pool for a 37,850 m3/d (10 mgd) withdrawal. As expected, the 
analysis clearly shows that the minimum water surface elevation in Paintsville Lake is sensitive 
to water supply withdrawal flow rate.  
 
The Huntington District of the Corps of Engineers calculates the storage allocation for a given 
water supply withdrawal as the maximum storage difference between no withdrawal and the 
withdrawal of interest for the 2 percent exceedence probability as implied in Figure 5.  Table 5 
presents these storage differences for a 22,700 m3/d (6 mgd) withdrawal from Paintsville.  This 
indicates that 4,92 x 106 m3 (3,990 ac-ft) would have to be allocated to meet a demand of 22,700 
m3/d (6 mgd). 
 
Similar statistics are calculated for maximum reservoir elevations in order to evaluate flood 
control impacts.  This analysis demonstrated that recreational uses of Paintsville Lake would be 
impacted by a water supply withdrawal to a far greater degree than flood protection. 

 
10



 
Table 5.  Storage Difference (AC-FT)  

Between no withdrawal and 22,700 m3/d (6 mgd) withdrawal. 
 

 MIN RULE MIN 2% MIN  5% MIN 10% MIN 20% 
JAN 0.00 3728.10 3496.00 3120.54 46.20 
FEB 0.00 3990.30 3435.77 1346.27 23.03 
MAR 0.00 2246.21 79.38 14.44 23.11 
APR 0.00 11.55 46.20 49.16 23.11 
MAY 0.00 265.47 184.61 161.51 103.82 
JUN 0.00 727.16 737.77 434.77 383.73 
JUL 0.00 1120.20 1028.32 1010.19 623.36 
AUG 0.00 1460.29 1394.07 1140.09 1045.79 
SEP 0.00 1816.45 1669.02 1670.65 1286.56 
OCT 0.00 2191.37 2106.43 2291.66 1938.72 
NOV 0.00 2648.70 2738.80 2362.41 1891.99 
DEC 0.00 3306.04 3305.28 2486.58 2165.61 
ANNUAL 0.00 3564.81 3517.43 3277.49 2315.26 

Note: 1 ac-ft = 1,233.5 m3 
 

CONCLUSIONS 
 
The model developed by GKY&A now provides the District with a quick and accurate modeling 
tool for evaluating any proposed change to the regulation of the Big Sandy River Basin.  The 
District can meet with various stakeholders in the basin (water suppliers, whitewater interests, 
fisheries interests, etc.) and evaluate how proposed changes to operations to benefit one group of 
stakeholders will affect other stakeholders. The model is currently restricted to using the logic 
that was provided based on existing operational controls and constraints. The different layers of 
the model can be altered or modified to reflect a totally revised operational scenario, without 
starting from scratch. The ability to evaluate alternatives interactively and produce final 
statistical results quickly and efficiently greatly enhances the ability of Huntington District to be 
responsive to the assessment and optimization of the many competing water demands in the Big 
Sandy basin.  
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A HYDROLOGIC FORECAST AND RESERVOIR OPERATIONS MODEL FOR THE 
WINNIPESAUKEE RIVER, NH 

Mark Woodbury, Water Resources Engineer, Riverside Technology, inc., Fort Collins, Colorado; 
Larry Brazil, Water Resources Engineer, Riverside Technology, inc., Fort Collins, Colorado; 
Steve Doyon, Department of Environmental Services, Concord, New Hampshire 
 
Abstract: The New Hampshire Department of Environmental Services (DES) has developed a 
real-time flood forecasting and reservoir operations model for the Winnipesaukee River. Lake 
Winnipesaukee lies at the head of the river and drains a large percentage of the total area of the 
watershed. Between the lake and the confluence of the Winnipesaukee River with the 
Pemmigewasset River are a number of small dams and lakes, many of which include 
hydropower generation facilities. Because the area adjacent to the lake and the river are well 
developed and are used extensively for recreation, dam operations are constrained to operate 
within a narrow range of elevations that limit flexibility for flood operations. The flood 
forecasting and reservoir operations model will allow DES to respond more effectively to 
unusual hydrologic events through reservoir management, providing warnings to affected 
persons, and conveying information on current hydrologic and reservoir operating conditions to 
the public. 
 

INTRODUCTION 

Based upon years of data and experience, the Winnipesaukee River basin is managed to balance 
the many and diverse interests within the basin. Day to day lake levels and discharges are 
coordinated to keep them within an operating range that best serves these interests. In general 
terms, stored water is preserved during the summer recreational season and released in the fall to 
serve the needs of the hydroelectric interest along the river, and to enhance the lake’s ability to 
safely store flood waters during the typically high runoff months of March through May. During 
extreme events, the goal of DES is to strike a balance between high lake levels and high stream 
flows, both of which can be significantly damaging. 
 
In recent years, the requirements for power generation, recreation, and protection of facilities and 
properties along lake shores and river banks have increasingly constrained the operation of the 
dams. This has made it increasingly important for DES to acquire and make use of available real-
time data on river and reservoir water levels, outflows, and precipitation in the basin. Unusually 
high spring runoff in June, 1998 led to excessive water levels in the rivers and lakes draining the 
watershed and caused damage to structures and facilities along the river and lake shores. Lake 
releases were made to evacuate reservoirs as quickly as possible without causing undue damages 
at downstream locations as a result of the high flows. Under these circumstances, it was 
impossible to meet all constraints without damages to both upstream and downstream properties 
and interests. The prolonged nature of the event left DES in the spotlight for an extended period 
of time, until lake levels and flows returned to normal levels. Part of the public response included 
calls for an improved system to forecast runoff, manage the lakes and river, and to share 
information about current watershed conditions with the public. This information would include 
precipitation, lake levels, river flows, and river levels. DES contracted with Riverside 
Technology, inc. (RTi) to implement its RiverTrak™ hydrologic forecasting software; to 
integrate the HYDROPS™ reservoir optimization model developed by Charles Howard and 
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Assocciates, Ltd.; and to develop a web-based interface for disseminating data on current 
watershed conditions. 
 

RIVER/SYSTEM CONFIGURATION 

The area of the Winnipesaukee River watershed above the location of the streamflow measuring 
gage in Tilton, NH is 471 square miles. Of this total area, 363 square miles (or 77%) lie above 
Lakeport Dam and drain to Lake Winnipesaukee. Table 1. lists the impoundment and watershed 
sizes of selected sites above the Tilton gage. 
 
Table 1. Winnipesaukee River Impoundments 

Location 

Surface Area of 
Impoundment, 
Square Miles 

Drainage Area, 
Square Miles, 
Local (Total) 

Lakeport Dam (Lake Winnipesaukee) 71.0  363 
Avery Dam (Opechee Lake) 0.8  11 (374) 
Lochmere Dam (Winnisquam Lake) 6.8  49 (425) 
Silver Lake 0.34  33 (458) 
Tilton Gage  - 13 (471) 

 
Because Lake Winnipesaukee drains such a large percentage of the watershed and has a 
significant storage capacity within its normal elevation range, its operations dictate to a large 
degree the flow regime through the entire river. Operations are subject to a number of constraints 
in order to achieve multi-faceted objectives. The lake must be full by June 1 each year to satisfy  
recreational interests. A minimum average daily flow of 230 cubic feet per second (cfs) is 
required throughout the year by water contracts with hydropower interests. This flow is greater 
than the mean daily flow through the summer and therefore generally results in a slow drawdown 
of the reservoir through the summer months. The lake level is reduced further before winter both 
to avoid damage to structures when the lake freezes, and also to provide storage capacity for 
spring runoff without spilling water that could otherwise be used for hydroelectric power 
generation. Maximum lake levels are constrained during the summer due to flood damage to 
structures and accessibility restrictions that occur when water levels are too high to allow boats 
to pass under bridges. A final constraint on short term operations is that hydropower operations 
at Lakeport dam rely on fixed discharge units, so if releases are to be made through the 
powerhouse, they can only be made in increments of 350 cfs up to the maximum of 1050 cfs. 
Releases above 1050 cfs are avoided as they require spills and increase tailwater elevations, both 
of which reduce hydropower benefits. 
 
Avery dam is fully automated to pass inflows from Lakeport and to maintain a constant pool 
elevation using a variable discharge turbine and automated spill gates. As such, it places no 
additional constraints on the system. As at Lakeport, hydropower benefits are reduced by spills 
and increased tailwater elevations during high flows. 
 
Winnisquam Lake is subject to some of the same types of constraints as Lake Winnipesaukee. 
Lake levels outside a given range damage recreational interests in the summer, and drawdown is 
necessary in the winter to avoid ice damage. However, because of its limited storage capacity 
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over its operating elevation range, Winnisquam Lake is not used to maintain minimum flows or 
to explicitly store spring runoff. The hydroelectric generation configuration at Lochmere dam is 
similar to Lakeport in that individual units operate essentially at a fixed discharge. A difference 
generally exists between the total outflow at Lochmere dam and the combined inflow from local 
runoff and Lakeport/Avery dam releases. Since changes in release are more difficult at Lochmere 
dam, the difference is generally accommodated on a daily basis by allowing lake levels at 
Winnisquam to fluctuate in a narrow range while the units at Lakeport dam are operated during 
part of the day to achieve a desired average release.  
 
Silver Lake is immediately downstream of Lochmere Dam. At times, significant inflows come 
from the Tioga River, which enters near the downstream outlet of Silver Lake. Because the lake 
has a natural outlet, the lake level is a function of the total outflow. The only variable that can be 
used to control lake level is the discharge into the lake from Lochmere Dam, which is in turn 
usually dictated by the average release at Lakeport Dam. Homes and other structures on the 
shores of Silver Lake are located to accommodate greater fluctuations in lake level than at the 
other lakes, but damaging levels still occur at flows greater than 2,500 cfs. Releases at Lakeport 
and Lochmere dams are therefore coordinated to limit lake levels at Silver Lake that would be 
damaging when combined with natural flows entering from the Tioga River. Because the 
downstream reach between Silver Lake and the stream gage at Tilton has a small local area, the 
lake level at Silver Lake can be correlated with the flow at Tilton. 
 
Water levels and discharges on the Winnipesaukee River at the towns of Tilton and Northfield, 
and downstream to the confluence with the Pemmigewasset River, are primarily a function of the 
outflows from Silver Lake, although the local area also contributes a small amount of flows. 
Flows in this reach can rise to 3,500 cfs before causing damages. Several run-of-river 
hydroelectric plants operate in this reach, but none exert significant control on the flow, and all 
are generally capable of operating over a wide range of flows. As with the other hydropower 
generating locations, benefits are lost at flows greater than approximately around 1,200 cfs due 
to spills and high tailwater levels. 
 
From the foregoing, it may be seen that the primary constraints that DES faces in the operation 
of the Winnipesaukee River system are maintaining targeted water levels at Lake Winnipesaukee 
and Winnisquam Lake at various times of the year, and limiting maximum discharges at the 
outlet of Silver Lake. In addition to these constraints, DES manages flows to maximize 
hydropower benefits by minimizing spills and excessive discharges. 
 
 

DATA COLLECTION 

Data Sources: DES needs to have the benefit of all available real-time data in and around the 
Winnipesaukee basin. Data types of primary interest include precipitation, temperature, river and 
lake levels, reservoir releases, and river flow. There are three primary data sources for the 
system. DES operates a network of automatic reporting stations that includes the data types 
noted above. Previously these gages were interrogated via telephone from a central base station. 
As part of this project, the gages have been upgraded to include Geostationary Operational 
Environmental Satellite (GOES) data transmission, and the base station and software have been 
updated to download the data from the National Environmental Satellite, Data, and Information 
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Service (NESDIS). The telephone dial-up capability is being retained to allow for backup data 
transmission. The second data source is the network of USGS gages that operates in the vicinity 
of the basin. Many of these stations are operated with support from DES. The recent addition of 
GOES data access through NESDIS at the DES base station allows the station to receive data 
from the USGS gages as well. The NWS Northeast River Forecast Center (NERFC) provides 
data that are not available through GOES. Several manually operated climate gages are reported 
to NWS as cooperative observation stations. WSR-88D radar-based precipitation estimates are 
also developed at NERFC and are available as hourly precipitation grids at approximately a four 
square kilometer resolution. The NWS develops quantitative precipitation forecasts (QPF) that 
can be used to extend and enhance hydrologic forecasts. The cooperative station data, the radar 
precipitation grids, and the QPF are made available to DES by NERFC for download from the 
internet. 
 
Timing: During normal flow periods, reservoir operations decisions are revised no more than 
once daily. During periods of heavy rainfall and rapidly varying runoff, however, operations may 
need to be adjusted more frequently. It is in these cases in particular that the timelines of the 
hydrometeorologic data is most critical. The base station currently receives reports for a total of 
about 30 climate stations in and around the basin. The automatic stations typically have a 15 
minute recording interval, but transmit to the GOES satellite only once every 3 hours. Since the 
transmission time is different for each station, reports may be available for download from 
NESDIS on an average of every six minutes or so. The radar-based precipitation grids are 
updated each hour by NERFC. The data collection system is set up to continually monitor and 
ingest all available data based on expected availability. Any new data that becomes available 
through either NESDIS or NERFC will typically be brought into the system within ten minutes 
of its availability at the external location. 
 

DATA MANAGEMENT 

The data management system performs three important functions in the overall system. They are 
1) to process data for use in the forecast models, 2) to provide an interface for users to review 
and edit observed and processed data for use in the forecast models, and 3) to manage  
transmission of data and time series to the web-server. A data-centered approach is used for data 
management, meaning that a central database stores raw observed data, processed station data, 
and results from forecast models and other processes. A data management interface allows 
various applications to interact with the database, making data at all levels available for editing, 
modeling, display, and export. 
 
The observed data that are collected in the system must be pre-processed for use in the forecast 
models. The forecast models execute at a one-hour time step, while most of the stations report at 
a 15 minute time interval. These station data are accumulated or averaged (depending on the data 
type) and the results are stored as hourly time series. The forecast models require time series of 
mean areal precipitation (MAP) over each basin for hydrologic simulation. The hourly point 
precipitation values are weighted and averaged for each sub-basin to produce these time series. 
The hourly radar grids are processed by overlaying them on individual sub-basins and computing 
mean areal precipitation for each sub-basin. Hourly time series of mean areal precipitation are 
then prepared. The sub-basin precipitation estimates prepared from radar data are referred to as 
MAPX. The QPF that are provided by NERFC also come in the form of grids, at the same 
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resolution as the radar-based precipitation grids, but at six-hour intervals. These are dis-
aggregated uniformly to develop one hour QPF time series for each sub-basin. 
 
While the forecast model includes the capability to view model output, users also require the 
ability to review and edit input data for the models. A map interface permits users to select any 
station with observed data, and to view graphs or tables of observed values, both as raw data or 
as processed time-series. In the table view, these values may be edited to correct or delete 
erroneous readings. The radar grids are shown one at a time as an overlay on the basin map.  
Images from the previous 24-hours can be displayed in succession to animate the precipitation 
sequence. The resulting MAPX time-series also may be graphed or shown in a table. The QPF 
time series generally extend only one day into the future, however, the interface allows manual 
editing to extend these values further into the future. Reservoir release time-series provided by 
the reservoir operations and optimization model may also be edited to reflect adjustments to 
planned releases as determined by DES. The ability to view all of these data permits DES to 
evaluate inputs used in the forecast models to develop a better understanding of the model 
results. 
 
At the conclusion of each forecast sequence, after the forecast results have been recorded in the 
database, observed station data and forecast results are processed and passed to a web server for 
display on the Winnipesaukee Basin Operations web-site. The system outputs that are sent to the 
web-server are defined in the database and the transmission of the data is automated at the 
conclusion of each forecast cycle. 
 

FORECAST MODEL 

Model Configuration: For purposes of the hydrologic forecast model, the Winnipesaukee River 
basin is divided into four sub-areas, each with distinct modeling components, as shown in 
Table-2.  
 
Snow modeling is based on the NWS Snow-17 snow accumulation and ablation model, which 
uses temperature as an index for snow melt. Computed snowmelt is passed to the rainfall-runoff 
model. During periods when snowpack and snowfall are not a consideration, the snow model 
passes the precipitation input directly to the rainfall-runoff model without modification. Rainfall 
runoff modeling is performed using the NWS Sacramento soil moisture accounting model, which 
simulates the continuous movement of water from rain or snowmelt in various soil layers to 
produce runoff from a basin. A unit hydrograph model time-distributes runoff depth from the 
Sacramento model to produce a runoff hydrograph. Channel routing from upstream to 
downstream sub-basins is performed using a Lag-K model that includes a component for travel 
time (lag) and attenuation (K). Each modeling component saves model states at each time-step in 
the observed period so that initial conditions are available for future simulations.  
 
A reservoir simulation is included in the forecast model to represent the control and routing 
effects at Lake Winnipesaukee and Winnisquam Lake. Reservoir releases are either input 
manually by DES or transferred from the reservoir optimization component of the system. The 
reservoir simulation component of the hydrologic forecast model then computes a forecast pool 
level time-series based on the starting pool level, forecast inflow, and planned releases. 
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Table 2. Winnipesaukee System Components 

Sub-area 
Hydrologic Model 
Components 

Reservoir Operations Model 
Components 

Lake Winnipesaukee Snow accumulation/ablation 
Rainfall (snowmelt)-runoff 
Reservoir Water balance 
 

Lake Winnipesaukee/ 
Lakeport Dam & Powerhouse 

Winnisquam Lake Snow accumulation/ablation 
Rainfall (snowmelt)-runoff 
Upstream Flow Routing 
Reservoir Water balance 
 

Opechee Bay/Avery Dam & 
Powerhouse 
Winnisquam Lake/Lochmere 
Dam & Powerhouse 

Tilton Snow accumulation/ablation 
Rainfall (snowmelt)-runoff 
Upstream Flow Routing 
 

Silver Lake 
Clement Dam & Powerhouse 
Tilton Gage 

Franklin Jct. Snow accumulation/ablation 
Rainfall (snowmelt)-runoff 
Upstream Flow Routing 

River Bend/Stevens Mill/  
Franklin Falls Dams and 
Powerhouses 
 

 

 
Opechee Bay and the associated operation of Avery Dam are not explicitly simulated in the 
model. Because Opechee Bay is relatively small and the operation of Avery Dam is automated to 
pass inflow under the full range of anticipated flow conditions, its effects can be represented 
adequately using the Lag-K routing model. Silver Lake, likewise, has a relatively small storage 
capacity and an uncontrolled outlet, such that it is represented by the routing model for the reach 
between Lochmere Dam and the Tilton gage. Forecasts of stage in Silver Lake are based on the 
total flow at Tilton and a rating curve that represents an empirical relationship between Tilton 
flows and the stage at Silver Lake.  
 
The remaining hydropower facilities on the river do not require explicit simulation in the 
hydrologic model because 1) as run-of-river projects they do not control the flow in the river, 2) 
stage forecasts are not necessary at these projects, and 3) the discharge forecasts readily can be 
estimated from other nearby forecast points. 
 
Short Term Forecast Operation: The hydrologic forecast model operates in both a short-term 
deterministic mode and a long-term probabilistic mode. In the short term model, the simulation 
typically begins one day prior to the most recent observation received by the system, and extends 
four days into the future [check this with Michael]. The simulation executes in a sequence that 
leads from upstream to downstream in the river system. Time series outputs from the upstream 
model components are used as inputs to the downstream model components as total flow is 
routed and accumulated.  
 
The response times of the sub-basins and the storage volumes in the lakes permit a reasonable 
simulation at a one-hour time-step. While the data collection system continually receives new 
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data and posts it to the database, the data management system checks every five minutes to see if 
new data are available for forecasting. If there are new data, a simulation is executed. 
 
An important feature of the forecast model for DES is the ability to analyze various inflow 
scenarios and to simulate the effects of potential future releases. The forecast system includes 
three standard forecast scenarios as part of the simulated output for each sub-basin. The first 
scenario forecasts flows based on standard MAP combined with the standard QPF derived from 
the NWS data. The second scenario estimates flows using radar-based precipitation (MAPX) 
combined with the standard QPF. The third scenario uses standard MAP combined with a zero 
precipitation forecast, which represents the lower bound of projected runoff. DES can manually 
edit the QPF to provide further variations on possible future flows. The edited values apply to 
QPF scenarios associated with both the MAP and the MAPX time-series. The combined ability 
to include and alter QPF scenarios and to simulate the effects of various reservoir release 
projections allows DES to plan releases so as to minimize downstream flooding in unregulated 
reaches or to project the period of time for which a given outflow configuration at the dams may 
be sustained while maintaining pool elevations within a desired range. 
 
Long-Term Forecast Operation: The long-term forecast simulation uses a procedure that 
combines current snow pack and soil moisture conditions found in the models with historical 
climate and precipitation patterns to produce possible future streamflow traces. Each trace is the 
result of a simulation that applies the temperature and precipitation time series from a prior year 
to the current initial conditions in the model. As such, the resulting traces are conditioned with 
current watershed states and will reflect the similar initial streamflow values. As the simulation 
proceeds, however, each trace will diverge from the others. In the short term (several weeks), 
therefore, the traces will mostly reflect the effect of initial conditions, and in the long term (after 
one year) they will resemble a historical simulation. A frequency analysis may be conducted on 
the traces to determine, for example, the probability of exceeding a given inflow in the next two 
months, or the probability of realizing a given inflow volume in the coming month.  
 
Because the reservoir simulations for Lake Winnipesaukee and Winnisquam Lake are based on 
planned releases that are input from outside the system, these components cannot be included in 
the long term forecast. Therefore, only the snow and rainfall runoff components are included in 
the long term forecast model. The output of the model is a collection of streamflow traces for 
each headwater and local area. These are then used by the reservoir optimization component of 
the system.  
 

RESERVOIR OPTIMIZATION MODEL 

DES operates Lakeport and Lochmere Dams to satisfy a variety of objectives under a number of 
constraints. This has been accomplished by attempting to follow a rule curve at Lake 
Winnipesaukee with varying target pool elevations over the course of a year, while at the same 
time avoiding the violation of operating constraints that may be approached as a result of 
extremes of flooding and drought. The rule curve incorporates DES experience over the years 
and accounts for the annual pattern of runoff as well as the variability of runoff. Daily operations 
can then focus on following the rule curve with periodic deviations upward during periods of 
flood inflow and downward when flows are unusually low. The forecast system provides 
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additional lead time to anticipate extremes, to mitigate their effects, and to facilitate the selection 
of operations to meet objectives.  
 
The availability of an explicit representation of current watershed conditions, as found in the 
forecast model, can also be used to anticipate when it may be advisable to deviate from the rule-
curve, either to account for unusual conditions or to take advantage of increased certainty that 
normal conditions might prevail and that less contingency is necessary. This additional 
information is explicitly incorporated into reservoir operations decisions using a long-term and a 
short term reservoir optimization model. RiverTrak™ is coupled with the HYDROPS™ reservoir 
operations and optimization model to provide this functionality. 
 
Long Term Model: The long term model is used to determine a recommended one-week 
average release from each reservoir that will maximize hydropower benefits without violating 
operating constraints over a one-year planning horizon. Inputs to the model are the collection of 
streamflow traces for each headwater and local area in the system. The streamflow traces are 
output from the long-term forecast model when it executes and are immediately available for use 
in the optimization model. Parameters defined in the model include the physical characteristics 
of the reservoirs, the capacities and operating characteristics of the hydropower facilities, and the 
parameters for routing between facilities. The model is also defined with constraints on flows 
and lake levels and with an objective function that represents the hydropower benefits. 
Additional flexibility is provided by allowing constraints to be defined either as hard constraints 
that cannot be violated, or as soft constraints that can be violated, but include a penalty function 
against the objectives, so that violation of the constraint is avoided but not necessarily wholly 
prevented. 
 
The model solves a weekly time-step for the optimum weekly releases from each facility for 
representative traces, subject to the constraints identified and the defined objective function, with 
the additional constraint that the hydropower releases for the first week be the same for all 
solutions. The resulting releases for the first week from each facility are the optimized release 
recommendations to DES.  
 
Short Term Model: The short term model optimization operates at an hourly time step with a 
deterministic forecast as input. The primary function of the short term optimization model is to 
provide guidance on flood operations. Under non-flood operations the weekly average release 
can typically be achieved by setting it as the constant release without concern about violating 
operating constraints. During flood operations, however, the one-week average release will need 
to be achieved in a manner that minimizes peak outflows from Silver Lake subject to peak pool 
level constraints at Lake Winnipesaukee and Winnisquam Lake. The short term model generates 
hourly release recommendations based on these objectives. Under extreme flood conditions, it 
may not be possible to maintain acceptable flows or pool levels at Silver Lake while satisfying 
lake level constraints at other locations. In these cases the pool level constraints may be 
successively relaxed until the tradeoff between potential damages at upstream and downstream 
locations is balanced according to DES criteria. In any case, the short term optimization model 
will facilitate arriving at a decision. 
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WINNIPESAUKEE WEB PAGE 

One of the central objectives of the system development was to provide the public with timely 
information on current watershed conditions and planned operations by DES. This is 
accomplished through a Winnipesaukee Basin Operations web-page.  
 
Current Conditions: Since the most important requirement of the web-page is that users have 
convenient access to current watershed conditions, the initial page of the site is a map of the 
Winnipesaukee basin showing the individual stations where observed data are available. Each 
station location on the map has a link to a separate page for that station which displays the 
observed data in both graphs and tables. The gage on the Winnipesaukee River at Tilton, for 
example, measures river stage, temperature, and precipitation, and a rating curve in RiverTrak™ 
converts the stage to discharge. The web-page for the Tilton gage, therefore, shows individual 
graphs for stage, discharge, precipitation, and temperature for the previous seven days, followed 
by a table listing all of the observations on an hourly basis. 
 
Planned Releases: The station links for Lake Winnipesaukee at Lakeport Dam and for 
Winnisquam Lake at Lochmere Dam include graphs for current release and lake level. For these 
variables, the projected release and the resulting pool elevation are also available. While 
observed and forecasted inflows are not shown at these locations, this information is implied in 
the projected lake level, given the projected release. Under normal conditions, the nature of dam 
operations on the Winnipesaukee River is such that changes to releases are generally not more 
frequent than once per day, and release projections can often be maintained for several days 
without requiring a change. Accordingly, the forecast system automatically extends release 
projections and the data management system continually updates the web-pages, even  in-
between explicit changes to planned releases. 
 
Security: The data management component of RiverTrak™ automatically generates the updated 
graphics and tables for the web-page each hour and passes this information to a secure area in the 
system where it is available for display via the web-page. Security is simplified to some degree 
using this method because the response to requests from the web-page for current information 
can be met without active queries to the data management system and the consequent access to 
the system that might otherwise be given. There are instances, however, in which DES may want 
to review or verify information before it is presented on the web. In these cases an option is 
available to turn off the transfer of data to the web. Previously sent data will still be available to 
the public, but will simply not be updated to reflect more recent observations and projections 
until the data transfer is turned on again. This may be especially useful when DES is evaluating 
alternative scenarios of future precipitation, resulting inflow, and/or releases from reservoirs. In 
these cases it would be appropriate to postpone the automatic transfer of projected releases and 
projected lake levels until operating plans have been determined.  
 
Other Data: The Winnipesaukee basin operations web-page includes access to other important 
information via links that are shown at the bottom of the main page below the map interface, and 
at the bottom of all pages on the site. These links include radar data, historical station data, text 
only station data, descriptive information about general Winnipesaukee basin operations 
procedures, and  a page with links to other sites. The radar data are initially shown on a screen 
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showing “thumbnails” of images from the last 24 hours that can be selected individually to view 
a full screen image. The images provide a view at a scale that highlights the Winnipesaukee 
basin and include stations and hydrologic features in the background for reference. 
 
The page that provides access to historical data for individual stations in the basin lists the 
stations that are used in the forecast system. For stations that are operated by the USGS or the 
NWS, links are provided to the respective sites where this data can be downloaded. For stations 
that have historical data available only through DES, a text file containing all the historical data 
is displayed and can be downloaded and imported directly into a spreadsheet or other 
application. The link to text only station data provides access to current data for individual 
stations in tables without the associated graphics that are available for stations selected from the 
main map interface. A link to descriptive information about Winnipesaukee basin management 
and operations procedures allows site users to evaluate current conditions in light of long-term 
averages and management objectives. The “useful links” page contains links to the NERFC and 
New Hampshire portions of USGS water resources pages, which further allows users to see the 
data in the Winnipesaukee basin in the context of regional hydrologic conditions.  While this 
web-site meets a need to provide valuable timely data to the public, it also provides convenient 
access to observed data for internal staff at DES who do not have ready access to the data 
management system. 
 

CONCLUSION 

The operation of Lake Winnipesaukee and other impoundments on the Winnipesaukee River is 
constrained by the sometimes competing interests of hydropower operators, flood control, and 
upstream and downstream recreational users and property owners. Although real-time 
information on watershed and reservoir conditions is available to DES and has been used in the 
past as an important input to the process of water management decision making, DES determined 
that an integrated system was needed to forecast runoff, manage the lakes and river, and to share 
information about current watershed conditions with the public  
 
The new system that has been developed uses RTi’s RiverTrak™ software as an integrated 
system for data collection, data management, and both short term and long term hydrologic 
forecasting. RiverTrak is coupled with CHAL’s HYDROPS™ reservoir operations and 
optimization model to aid in water management. RiverTrak automatically updates a new 
Winnipesaukee Basin Operations web-page that facilitates DES’s interface with the public and 
assists in meeting its obligation to share timely information on current conditions and planned 
operations. As DES gains experience and confidence in the use and interpretation of the model 
results, the system will become an essential element of the overall water management framework 
for the Winnipesaukee River Basin. 
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CORRDSS – HYDROLOGIC TIME-SERIES CROSS-CORRELATION 
 

William Doan, P.E., Hydraulic Engineer, U.S. Army Corps of Engineers, Omaha District 

 
 

Abstract:  A computer program (CORRDSS) was developed which can calculate the cross-

correlation of two hydrologic daily time-series.    This is useful where a tributary river enters a 

main river and the correlation or coincidence of daily high flows on the main river influences the 

backwater stages on the tributary river.   The program determines the lag-k cross-correlation 

coefficient using the cross-covariance between the two hydrologic time-series.  A series of lags 

for one of the time-series can be inputted in order to determine the number of daily lags which 

results in the highest cross-correlation between the two time-series. The time-series data is 

directly read from HEC-DSS databases.  An auxiliary program was also developed which can 

take daily streamflow data from the USGS Web-site and convert it directly into the HEC-DSS 

format required for the program.  The program has the flexibility to determine cross-correlation 

for periods of the year, i.e. monthly or seasonal or for flows above a given baseline.  The 

program was used with two USGS stream gage locations in Montana: Yellowstone River at 

Miles City and Tongue River at Miles City.  The results of the analyses showing the degree of 

correlation between the two gages for differing seasons and baseline flows will be discussed. 

 
 
 
 

INTRODUCTION 
 
Cities or towns frequently are located at the confluence of two rivers or creeks.  In analyzing the 

floodplains associated with the rivers, hydraulic backwater models of the tributary river are 

dependent on the starting or initial water surface water elevations of the main rivers at the 

confluences.  Traditional methods to solve this problem involve running the tributary backwater 

with several main river downstream starting surface elevations and various discharges and 

essentially weighting the results with the stage-duration relationships of the main river to derive 

the ultimate backwater profile.  The problem with this solution, though, is that it avoids the 

critical question of whether or not the two rivers would be flooding at the same time.  There is a 

method to solve this problem in the academic circles, but is rarely if ever used in  “real-world” 



 

situations.  There are most likely several reasons why this may be.  The first reason is the data 

required to solve the problem is relatively voluminous and usually not in the required format.  

The second reason is that the actual computations required to solve the problem is extremely 

labor-intensive.  The third reason is that the response to the question of whether or not two rivers 

would be flooding simultaneously is usually expected to be a “yes” or a “no” answer, but 

because the solution is based on statistics, the answer is in terms of probability, i.e. a numeric 

number between 0 and 1.   The program CORRDSS was developed to overcome these 

limitations. 

 

DATA ACQUISTION/FORMAT 

CORRDSS uses mean daily flow values for the analysis of coincidence between two rivers.  The 

USGS has a web-site where historic mean daily flows for most of their gaging stations can be 

downloaded into text format.   A program DAILYDSS was developed which can take the text 

format and convert it into HEC-DSS format.  HEC-DSS format was chosen because:  

 

1) The data can be easily modified using existing software such as: DSSUTL, DSSMATH, etc. 

2) The data can be easily plotted using DSSVIEW. 

3) The data can be pulled directly into CORRDSS. 

 

 

THEORETICAL BACKGROUND 

The cross-correlation between the two daily hydrologic time-series can be calculated by using 

the cross-covariance of the two series.  The following two equations are used to determine the 

lag-k cross-correlation (1): 
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where: 

yi = one stream gage’s time-series of daily flows 

yj = another stream gage’s time-series of daily flows 

co= sum of the differences of daily flows from the mean of the daily flows, divided by the total 

number of observations 

t = time increment 

rk = lag-k cross-correlation coefficient 

c=cross-covariance between the two time-series 

k=times-series lag 

N=total number of values 

 

 

MODEL DEVELOPMENT 
 
A FORTRAN computer model CORRDSS was developed to solve the above equations.  The 

program reads in the two mean daily time-series of flows via HEC-DSS and computes the lag-k 

cross-correlations. 

 

APPLICATION 

Miles City, Montana was used  as the application of the CORRDSS program.  Miles City lies at 

the confluence of the Yellowstone and Tongue Rivers.  Figure 1 shows the upstream watersheds, 

while Figure 2 shows a three-dimensional representation of the rivers’ confluence.  The chance 

of peak flows being coincidence or correlated between the Tongue River and Yellowstone River 

needed to be analyzed.  If high flows on both rivers occur at the same time, high stages on the 

Yellowstone River will back water up the Tongue River. The years 1947 through 1999 were used 

in the analysis.  The Yellowstone River flows upstream of the Tongue River confluence were 

approximated by using DSSMATH to subtract out the Tongue River flows from the Yellowstone 

River at Miles City flows.  Figures 3 through 8 show the historic daily flows for the entire time 

period.  As seen on the figures, the two rivers generally peak at approximately the same time in 

the spring. 



 

 
 

Figure 1 
Watersheds 

 

 

Figure 2 
Yellowstone and Tongue Rivers Confluence 
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Figure 3 
Yellowstone and Tongue Rivers Historic Mean Daily Flows 
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Figure 4 
Yellowstone and Tongue Rivers Historic Mean Daily Flows 

 



 

/YELLOWSTONE RIVER/MILES CITY/FLOW/01JAN1998/1DAY/YELLOWSTONE RIVER/

196 6 196 7 196 8 196 9 197 0 197 1

196 6 196 7 196 8 196 9 197 0

0

100 00

200 00

300 00

400 00

500 00

600 00

700 00

800 00

MILES CITY YELLOWSTONE RIVER  FLOW MILES CITY TONGUE RIVER FLOW

/YELLOWSTONE RIVER/MILES CITY/FLOW/01JAN1998/1DAY/YELLOWSTONE
RIVER/

1971 1972 1973 1974 1975 1976
1971 1972 1973 1974 1975

0

10000

20000

30000

40000

50000

60000

70000

80000

MILES CITY YELLOWSTONE RIVER FLOW MILES CITY TONGUE RIVER FLOW

 

Figure 5 
Yellowstone and Tongue Rivers Historic Mean Daily Flows  
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Figure 6 
Yellowstone and Tongue Rivers Historic Mean Daily Flows 
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Figure 7 
Yellowstone and Tongue Rivers Historic Mean Daily Flows 
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Figure 8 
Yellowstone and Tongue Rivers Historic Mean Daily Flows 

 

The correlation between the two rivers’ times-series was examined on an annual basis and  

seasonal basis.  Tables 1 and 2 show the results of the analyses. 

 

Table 1 
Annual Cross-Correlation Coefficient 

Yellowstone and Tongue Rivers at Miles City, MT 
Year Correlation 

Coefficient 
Year Correlation 

Coefficient 
Year Correlation 

Coefficient 
1947 .600 1965 .487 1983 .544
1948 .743 1966 .405 1984 .886 
1949 .542 1967 .896 1985 .110 
1950 .531 1968 .880 1986 .639 
1951 .430 1969 .552 1987 .493 
1952 .588 1970 .908 1988 .900 
1953 .857 1971 .458 1989 .224 
1954 .094 1972 .672 1990 .848 
1955 .803 1973 .899 1991 .811 
1956 .679 1974 .805 1992 .430 
1957 .810 1975 .865 1993 .663 
1958 .575 1976 .818 1994 .527 
1959 .187 1977 .723 1995 .891 
1960 .213 1978 .842 1996 .727 
1961 .243 1979 .646 1997 .803 
1962 .747 1980 .533 1998 .293 
1963 .899 1981 .871 1999 .789 
1964 .877 1982 .706  



 

 

Table 2 
Seasonal Cross-Correlation 

Season Correlation 
Coefficient 

Winter .357
Spring .708
Summer .717
Fall .624
Annual .675

 

The years that have more of a high seasonal snowmelt runoff typically have much higher 

correlations than other years.  Similarly, for the seasonal analysis, when the spring and early 

summer season snowmelt runoff occurs it also results in higher correlations.  The Yellowstone 

River flows were “lagged” from a negative 5 days to a positive 5 days in comparison to the 

Tongue River flows in order to determine what lag results in the highest cross-correlation 

coefficient.   

Table 3 
Cross-Correlation for 

Yellowstone and Tongue Rivers 
at Miles City, MT 

Yellowstone 
River Lag in 

Days 

 
Correlation 
Coefficient 

-5 .600
-4 .618
-3 .635
-2 .650
-1 .664
0 .674
1 .675
2 .668
3 .659
4 .649
5 .639

 

The cross-correlation coefficient essentially explains how much of the variability between daily 

flows on the Yellowstone River corresponds to daily flows on the Tongue River.  To determine 

if the peak correlation coefficient of 0.675 is significant, several other cross-correlation 

coefficients were determined for nearby gaged watersheds.  The watersheds are listed below and 

shown in Figure 1.  The cross-correlation coefficients were determined and are shown in Table 4. 

 
 



 

 
 
Yellowstone River at Miles City  (Drainage area = 48,253 mi2) 
Tongue River at Miles City   (Drainage area=5,379 mi2) 
Powder River at Locate   (Drainage area=13,189 mi2) 
Pumpkin Creek near Miles City  (Drainage area=697 mi2) 
Sunday Creek near Miles City ( Drainage area=714 mi2) 
 

 

 
Table 4 

Cross-Correlation Coefficients  
for Various Creeks and Rivers 
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Yellowstone River 1.000 .486 .675 .213 .172 
Powder River .486 1.000 .741 .470 .566 
Tongue River .675 .741 1.000 .363 .408 
Sunday Creek .213 .470 .363 1.000 .837 
Pumpkin Creek .172 .566 .408 .837 1.000 

 
 

The results of the analysis show what one would expect.  Watersheds that are similar in size and 

location have higher correlation coefficients.  This method, though, can quantify the correlation 

or coincidence between rivers.   As for the Tongue River and Yellowstone River, there does 

seem to be some correlation between the high flows occurring at the same time and steps were 

taken to account for it. 

 

CONCLUSION 

The program CORRDSS allows for a relatively quick and easy method to determine cross-

correlations between two rivers.  Mean daily flows can be quickly obtained and converted into 

the proper format.  The lag-k cross-correlation can be easily quantified in order to determine the 

probability of both rivers having high flows at the same time. 
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Modeling of hydrological series and level of river water pollution with the 
help of multi-dimensional Markov series 

 
1Kartlos Kachiashvili 

 
Abstract 

   Hydrological series and levels of rivers waters pollution are well approximated by Gauss 
Markov series owing to their limiting properties. As objects of an environment are multi 
dimensional with the statistically interconnected parameters, we consider modeling of multi-
dimensional Markov series. One-dimensional Markov series are their special cases. 
   Detailed information about Markov processes are given in many works. All known methods 
of modeling of casual series mean presence determined of a priori information: of multi-
dimensional distribution function or spectral density, vector of mathematical expectations and 
function of correlation etc., which, as a rule is given as results of observation, with which 
help are estimated the unknown characteristics of a casual series. The error admitted in 
estimations, influences on accuracy of modeling results. The quantitative description of this 
influence, as far as we know, till now is not received. Whereas the knowledge of their is 
rather important at modeling real processes for an estimation of identity of the simulated 
process with initial. In the given work the question on influence of an error of estimations of 
the characteristics of a simulated series on accuracy of modeling is solved. In particular, the 
analytical dependences are deduced allowing to determine volume necessary of a priori 
information for calculation simulated meaning of real process with the given error, or for 
given volume of a priori information to determine an error of calculation of simulated 
meaning of real process.  
 
   As a rule, the stochastic component of process of formation of a state of the environment 
approximates by Gausian Markov series due to its marginal properties [Belogurov V.P. 
(1983), Averin N.A. (1977), Sveshnikov A.A. (1968)]. The depleting items of information on 
Markovian processes are adduced in activities [Kendall M.G. (1966), Svanidze G.G. (1977), 
Gykhman N.N., Scorokhod A.V. (1977)]. As the objects of environment are many dimen-
sional with statistically interdependent parameters, we shall limit by consideration of 
simulation of multidimensional Markov series. One-dimensional Markov series are their 
particular case. 
   The simulation of multidimensional random series with the help of computers is widely 
applied at the solution of many applied problems. In activities [Svanidze G.G. (1977), Box 
G.E.P., Jenkins W.L. (1974), Polyak Y.G. (1969), Ermakov S.M. (1982)] are reviewed the 
methods of group simulation of inter correlation time series. Is offered [Polyak Y.G. (1969), 
Ermakov S.M. (1982)] a technique of simulation of multidimensional Gausian Markov series 
with single connectivity depth. In its the problem of not equidistant of the simulated 
outcomes is automatically decided, there is an almost trivial problem of selection of initial 
conditions eliminating transient process, and possibility of using of all members of the 
simulated sequence. In activity [Box G.E.P. (1974)] the method of an auto-regression with 
integrated sliding mean (MAISM) is described. Limitation of a method is that it guesses 
identity conditional and unconditional distributions of a random series. In [Svanidze G.G. 
(1977)], except for the indicated methods, is adduced the method POLAR - more general 
linear regression method at simulation of equidistant implementation of multidimensional of 
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Gausian Markov series. Its advantage is also in a sufficient simplicity and convenience of 
implementation as contrasted to by other methods. 
   All these methods of simulation of random series imply availability of the definite prior 
information: a multidimensional cumulative distribution function or spectral density, vector 
of mathematical expectations and covariance function and so on, the item, which one, as a 
rule, is given by the way of outcomes of observation, with the help which one estimate the 
unknowns of the characteristic of a random series. The error allowed in estimations, 
influences on accuracy of outcomes of simulation. 
   Let's consider relation of accuracy of simulation to error of an estimation of the 
characteristics of a modeled series [Kachiashvili K.J. (1990)]. Stationary of Gausian Markov 
series is completely determined by a task of dispersion matrix. Therefore m dimensional of 
Gausian Markov series  with connectivity depth of  can be 
presented by the way [Svanidze G.G. (1977), Ermakov S.M. (1982)] 
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where ( jhR ik −, ) are the conforming covariations, the expression for unknowns of 
coefficients becomes 
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where  is a pseudo-inverse matrix [Gantmakher F.R. (1962), Voevodin V.V. (1984)]; 
expression for a residual dispersion is 
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 (3) 

where  is a dispersion of )0(pR p  -th stochastic process. 
   Let's estimate an error of simulation. First of all it depends on accuracy of estimations of 
values of covariance functions of the natural data, and also from accuracy of the solution of a 
system of simple equations (2). Let's designate 
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   The sizes of a column vector )1( −tX p  are peer [ ] .1)1( ×−+⋅ pNm  Re-write (1) as follows: 
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where  is determined by expression (2). pA
   Members of matrixes  and  are the values of auto- and inter covariation functions 
computed on experimental data. Therefore in an actual case not precise values of matrixes  

and , and their estimation 
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where ⋅  is the Euclidean norm of the conforming matrix. Let's suspect, that pBδ  and pCδ  - 
are enough smalls. Then, agrees [Voevodin V.V. (1984)], the estimation is fair 

                                           ( ),0 pppp CBBcondA δδδ +≤ +                                (6) 

where −⋅= ++
ppp BBBcond  is a condition number of a matrix . pB

   Usage of an estimation 0pA
)

 in (4) results in errors of simulation, i.e. actually random series 
is modeled 
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where pppp σσσσ ΔΔ+= ,)  -is an absolute error of calculus of a residual dispersion pσ . 
   Let's suspect, that the precise values of initial vectors ),(),...,1( 11 NtXtX −−  

 are known, and also are known residual dispersions of modeled 
process 
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where  is vector of precise values of a generated series on  -th a step; 

 is vector of absolute errors on 
)1( −+ ktX p )1( −+ kt

)1( −+Δ ktX p )1( −k  -th a step of the computed values of a 
generated series 
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   Absolute error of the computed value of a generated series (8) is                                                                     
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where )1( −+ ktX p

)
 is the computed values of a generated series on )1( −+ kt  -th step.                                    

   Is identifiable a condition, to which one should satisfy the error of calculus of estimations 
of members of inter covariation matrix of a generated series, that for any  took place 1≥k
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Therefore, if γ  is determined from a condition 
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that will take place (10). 
   Let's consider a case, when in model (1) the current values of modeled series are leaved out, 

i.e. when . Thus the matrix  receives quadratic. mpplb p
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 is slave to a normal distribution law with mathematical 
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for which one takes place 

( ) αβ −=≤− 1)( pp jtxP )
. 

   Allowing property of reproducibility of  -probability distributions, we record 2χ

                     ( ) ,1)()1(
2/1

1 1

2 α−≥
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

≤⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=≤−+ ∑∑

= =

DjtxPDktXP
m

i

N

j
ip
))          (12) 

where . For estimation of a norm of a vector of errors is similarly 

received                     

2/1

1

22/1 ⎟
⎠

⎞
⎜
⎝

⎛
= ∑

=

m

i
iND β

( ) ,1)()1(
2/1

1 1

2
α−≥

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

≤⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Δ=≤−+Δ ∑∑

= =

djtXAPdktXP
m

i

N

j
i

T
ip (13) 

where 

( )
2/1

1

2
0

2/1

1

22/1 )( ⎥
⎦

⎤
⎢
⎣

⎡
+⎟

⎠

⎞
⎜
⎝

⎛
= ∑∑

=

+

=

m

i
iiii

m

i
i CBABcondNd δδβ

. 
   With allowance for (12), (13) the ratio (11) can be copied thus: 
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   Thus, if the condition (15) is executed for all mp ,...,1= , multidimensional Gausian Markov 
series is generated with given accuracy with probability, greater or equal α−1 . The sample 
size , ensuring calculus of values of a covariance function with absolute error, which is not 
superior , is determined by a ratio (10). 
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   Let's consider now general case, when in the model (1) the current values of a modeled 
series are allowed. Thus the expressions (12), (13) accordingly become 
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   Thus, we have a recurrence (17), permitting to estimate from above random variable 

)1( −+Δ ktX p  with given probability for a general case of model (1). It is necessary to 
mark, that the estimations (12), (13), (16) do not depend on temporary parameter, i.e. the 
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error of simulation of multidimensional time series is determined by error of calculus of 
matrixes  and , members which one are the values of covariance functions, and also by 
conditionality of matrixes , by norm of vectors , by residual dispersion of a modeled 
series , by its dimension and connectivity depth. Therefore prior to the beginning 
simulation of a multidimensional series it is necessary on a ratio (16) to evaluate  -the 
error of calculus of values of covariance functions, ensuring given error of simulation. 

pB pC

pB 0pA
2
pσ

RΔ

   With allowance for errors of calculus of a residual dispersion of a modeled series the 
absolute error of simulation (9) becomes 
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   With allowance for errors the expression (18) can be copied thus: 
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   At fulfill of a condition (15) an error of calculus of the dispersion (19) will be minor. If in 
(19) to neglect items of higher order, for estimation of error of a residual dispersion of 
modeled process it is fair 
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   The error of calculus of a residual dispersion of a modeled series is allowed by attachment 
in the left-hand part of expression (14) of upper bounds pσΔ , computed on a ratio (20). 
    The reduced outcomes are obtained in the supposition, that a system of simple equations 

                                                ppp CAB =                                                (21) 
is compatible. The compatibility of a system (21) means, that 

                                                                                             (22) ,0=−+ EBB pp

where E  is a unitary matrix. 
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   The algorithm of calculus  has an error therefore the condition (22) will be executed 
with definite error. Let's designate through  an error of calculus of , i.e. 

+
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+Δ pB +
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not be equal to zero point. The mathematical expectation  will be augmented the faster, 
than more members of vector , i.e. modulus of a vector . If all members of vector  
are less than unit,  will aim at zero point with increase , i.e. modeled random 
series in the course of time will be established. Otherwise a series receives missing. The 
dispersion of a series will be similar to behave. A modeled series receives missing, if the 
given covariance functions also are missing. The negativity of counted on a ratio (3) 
dispersions mean, that Gausian Markov series with the given characteristics can not be 
modeled on model (1). 

)(tx p

pA pA pA
))(( ktxM p + k

   Example. For check of a condition (15) are simulated 2100 of implementations one-
dimensional Gausian Markov series on (1) with an autocorrelation function: ;1)0( =R  

;0488.0)5(;0516.0)4(;138.0)3(;3235.0)2(;2457.0)1( ===== RRRRR   
 i.e. . In this case 

;00157.0)6( =R

,00233.0)7( −=R 7,1 == Nm 410153105.0 −+ ⋅=− EBB ; 

434875.0=C ; 99145.2=B ; 0519399.0=A ; 603693.4=+B ; . The 
ratio (15) becomes 

77171.13=+Bcond

γ⋅≤Δ 0183825.0R . With the simulated values of a series were computed 
estimations of an autocorrelation function: ;965998.0)0( =R

)
 

;322361.0)2(;256597.0)1( == RR
))

 ;108244.0)3( =R
)

 ;573747.0)5(;0585888.0)4( == RR
))

 
;00858013.0)6( =R

)
 .0053352.0)7( =R
)

 . Agreeing with (10), the error of the computed 
estimations does not exceed of  with given probability, of what we are convinced 
at direct matching of the given and computed estimations of values of an autocorrelation 
function. On model (1) were modeled 2100 of implementations of a one-dimensional Markov 
series with evaluated values of an autocorrelation function. At simulation were used the same 
independent, normally distributed pseudo-random values, which one were applied at 
simulation with given values autocorrelation function. The matching of the conforming 
values of modeled series obtained in both cases has shown justice of a ratio (10), which one 
becomes 

039.0=Δ R

471346.0)()( ≤− txtx)  with probability more than 0,95. 
   The developed algorithm is realized as the computer program and is included in the 
universal software package developed under the direction of the author for IBM-compatible 
computers.  
   Developed algorithm and program detailed are tested with the help of computer modeling 
both theoretically determined of Markov series, and real processes of pollution of river water. 
The tests have shown correctness received a ratio and importance of these results in modeling 
and forecast of development of real processes in time. 
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Abstract 
 
The 2002 version of the Stochastic Analysis, Modeling and Simulation (SAMS) package 
provides enhanced technical capabilities from the earlier versions of the program.  The graphical 
user interface and the mechanisms for handling the data have been entirely rewritten in MS 
Visual C++.  As a result the 2002 version of SAMS is easier to use and easier to update and 
maintain.  The package consists of many menu option windows that focus on three primary 
application modules - Statistical Analysis of Data, Fitting of a Stochastic Model (including 
parameter estimation and testing), and Generating Synthetic Series.  SAMS has the capability of 
analyzing single site and multisite annual and seasonal data such as monthly and weekly.  
Results can be presented in graphical and tabular forms and, if desired, saved to an output file.  
Some illustration are made to demonstrate the improved technical capabilities of the program 
using flow data of the Colorado River system. 
 

INTRODUCTION 
 
Stochastic analysis, modeling, and simulation have been widely used in water resources planning 
and management since the 1960s.  Some typical applications include reservoir capacity 
determination, hydraulic structure reliability evaluation, irrigation system evaluation under 
uncertain water deliveries, and water resources impact analysis of climate change  (Salas et al, 
1980; Loucks et al, 1981; Salas, 1993). 
 
Stochastic hydrology has been a technology available to U.S. Bureau of Reclamation water 
resources managers for more than twenty years.  Dr. William L. Lane of the U.S. Bureau of 
Reclamation (USBR) originally developed the LAST stochastic hydrology package in 1978-1979 
for the purpose of modeling and simulation studies of single-site and multi-site    hydrologic time 
series such as streamflow.  In addition to various applications within the USBR, LAST was 
widely utilized by planners and researchers in other government agencies, and universities and 
private industry in the United States as well as internationally. 
 
Even though various additions and modifications have been made to LAST over the past two 
decades, the package has not kept pace with both advances in time series modeling and in 
computer technology especially in displaying the output graphically.  This led to a cooperative 
arrangement with Colorado State University that allowed the development of a new package. 
The new modeling system - SAMS - which stands for Stochastic Analysis Modeling and 
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Simulation, expands and update the capabilities available in LAST.  The current version of the 
SAMS software is called SAMS 2002.  A limited initial release was made in 1996 and, with the 
help of a number of interested users, the program was enhanced and given a general distribution 
in 2000.  Since then further improvements have been made by Colorado State University and 
these improvements are reflected in the 2002 version of SAMS, which is the focus of this paper. 
 
COMPUTING TECHNOLOGY FOR STOCHASTIC SIMULATION IN HYDROLOGY 

 
Over the last several decades, a variety of mathematical and statistical software packages have 
been developed.  For example, S-Plus, SAS/ETS, SPSS, MINITAB, STATVIEW, IMSL, and 
MATLAB, etc., are well known packages for computations of varied degree of sophistication.  
These packages can be very useful for standard time series analysis of hydrologic processes.   
 
Despite of the availability of such general purpose software, specialized software for simulation 
of hydrologic series such as streamflow have been attractive in the field.  Firstly, hydrologic time 
series may require stochastic models that may not be readily available in standard packages such 
as models with long memory, models with skewed marginal distributions, and models that may 
be capable of producing shifting patterns such as those that are observed in certain hydrological 
processes.  Also the periodic nature of hydrological processes, such as monthly and weekly 
streamflows, produces seasonal statistical properties in the mean, variance, covariance, and 
skewness, which in turn require periodic stochastic models or models with periodic varying 
parameters.  In addition, many of the stochastic models that are useful for complex hydrology 
and water resources systems, such as models for temporal and spatial disaggregation, have been 
developed specifically to fit the needs of water resources.  Examples of software developed 
specifically for hydrologic time series simulation are HEC-4 (US Army Corps of Engineers, 
1971), LAST (Lane and Frevert, 1990), and SPIGOT (Grygier and Stedinger, 1990).   
 

STOCHASTIC CONCEPTS USED FOR SIMULATION 
 
Stochastic analysis of hydrologic time series is needed in order to characterize the temporal and 
spatial variability of the series under consideration.  For example, certain basic statistics are 
useful in any type of statistical analysis such as mean, variance, skewness, autocovariance, and 
cross-covariance.  These statistics may vary with time and space depending on the underlying 
temporal and spatial scales and other considerations such as low frequency climate variability 
and natural or anthropogenic disturbances on the basin and flow regime.  In addition, other 
statistics may be important for the study at hand, such as flood- drought- and storage-related 
statistics. 
 
Mathematical models are typically needed for stochastic simulation of hydrologic processes such 
as streamflow.  A number of such models have been suggested in literature (Salas, 1993; Hipel 
and McLeod, 1994).  Choosing one type of model or another for the data at hand depends on 
several factors such as, physical and statistical features of the process under consideration, 
complexity of the system, purpose of the study, experience, and often the availability of 
specialized software.  Furthermore, for complex water resources systems, not only well-defined 
mathematical models are needed, but also appropriate modeling strategies or schemes (Salas et 
al, 1980), which are generally an assembly of several models linked in certain ways depending 
on the system’s configuration, the number of sites, and the objective of the study.    
 
Once a stochastic model and modeling scheme have been defined, the next step is to estimate the 
model parameters.  For this purpose alternative estimation techniques are available depending on 
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the on the model and modeling scheme. The model(s) and modeling scheme are then tested using 
certain goodness of fit and evaluation criteria to judge whether they are capable of simulating 
samples that capture the relevant and desired statistics of the historical sample(s).   Then, based 
on the fitted and tested model, simulations can be performed for the intended objective. 
 

SUMMARY OF CAPABILITIES AVAILABLE IN SAMS 
 
SAMS is written in C++ and Fortran and runs under modern windows operating systems such as 
WINDOWS 2000, WINDOWS NT, and WINDOWS 98 and 95.  Its menu allows the user to 
choose between a variety of analytical options which are available.  As suggested by the name, 
the capabilities fall into three categories:  Analysis of Data, Fitting a Stochastic Model, and 
Generating Synthetic Series.  More specifically, the capabilities include: 
 
• Graphical analysis of observed data 
• Numerical analysis of observed data 
• Three options for normalizing data (Power, Logarithmic and Box-Cox) 
• Autoregressive Moving Average (ARMA), Gamma Autoregressive (GAR), Multivariate 

Autoregressive (MAR), Contemporaneous Autoregressive Moving Average (CARMA), 
Periodic Autoregressive (PAR), and shifting mean (SM) modeling options 

• Method of Moments (MOM) and Least Squares (LS) estimation procedures 
• Valencia-Schaake and Mejia-Rouselle annual spatial disaggregation procedures 
• Lane condensed annual-monthly disaggregation procedures 
• Capabilities to generate data at multiple locations using identified parameters 
• Capabilities to make graphical and numerical comparisons between generated and observed 

data 
• Statistical and graphical comparison of generated and observed data. 
  
A key concept in SAMS is that of temporal and spatial disaggregation (or downscaling).  Spatial 
disaggregation relies on the concept of key stations, substations, and subsequent stations.  In 
some cases, the key stations are the farthest downstream stations, substations are the next stations 
upstream, and subsequent stations are next further upstream stations.  SAMS 2002 has he 
capability of unlimited sequence of stations.  Three schemes are available for modeling the key 
stations. The first scheme fits a univariate model to the sum of the annual data of all the key 
stations.  Then, that sum is disaggregated into the key stations annual data.  Then, the annual data 
at key stations are disaggregated into annual values at the substations, which in turn are further 
disaggregated into annual data at the subsequent stations and so on until all stations are 
generated.  The 2002 version of SAMS now allows for unlimited levels of spatial disaggregation. 
The second scheme fits a multivariate model to the annual data for the key stations and the rest 
of the disaggregation into substations, subsequent stations, etc. is done in a similar manner as in 
the first scheme.  In the first two schemes if seasonal data (e.g. monthly data) are desired, the 
annual values at all stations are further disaggregated using temporal disaggregation.  Seasonal 
time scales may be monthly, weekly or any desired partitions of the calendar year.  Present 
temporal disaggregation models are not recommended for use with time periods shorter than 
weekly.  In the near future, plans are in place for the addition of models appropriate for a second 
level of temporal disaggregation and will allow for generation of daily values.  In addition, a 
third scheme includes the single site or multisite modeling of seasonal data at key stations, then 
successive spatial disaggregations to generate seasonal data at all other stations. 
 
In summary, SAMS 2002 statistically analyzes and transforms as needed the input data, fits 
models based on any of the various options available, and generates synthetic hydrologic data. 
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The statistical characteristics of the observed and generated data and the generated samples are 
presented in graphical or tabular forms.  In addition, they can be printed and/or written on special 
output files and they can be copied into Excel. 
 

BRIEF ILLUSTRATION 
 
A brief illustration is presented here to demonstrate some of the capabilities of SAMS 2002. 
Perhaps the primary driving force for enhancements to SAMS was the need for a stochastically 
based data set on the Colorado River system.   Stochastic data bases had been generated for the 
Colorado in the 1980’s using the LAST program (Lane and Frevert, 1990).   Most of these 
stochastic analyses relied on hydrologic data sets that ended in 1980 and there was a need to 
incorporate many of the extreme events observed in the 1980s and early 1990s in an updated 
stochastic analysis.  Also, many of the enhanced analytical capabilities that SAMS provides were 
not available in LAST. 
 
The Colorado River basin includes parts of seven states and the Republic of Mexico.  The waters 
of the Colorado are utilized for irrigation, municipal, hydropower, industrial, mining, 
recreational and environmental purposes.  The “Law of the River” which generally includes 
international treaties, interstate compacts, congressional legislation and court orders that have 
evolved over the past 80 years governs operations of the Colorado. 
 
As noted previously, the Colorado River system has been subject to a number of adverse climatic 
episodes ranging from wet periods (some, but not all of which, were a single very wet year) to 
periods of drought.  Historically observed streamflow data show periods of high flows such as 
those that formed the basis of the 1922 Colorado River Compact and also the very high flow 
years of 1982-1983 and 1983-1984.  On the other hand, the record also shows periods of drought 
such as the dust bowl years of the late 1920’s and 1930s and also the mid 1950's. 
 
While the current state of the art does not allow accurate long range prediction of these climatic 
extremes, the stochastic approach to hydrologic modeling can offer managers a better 
understanding and appreciation of the types of extremes they may face in the future. 
 
The Bureau of Reclamation has significant operational responsibilities for the Colorado River 
system, but must also consult with its partners, stakeholders and, as appropriate, the general 
public as it formulates operating policies for its reservoirs.  A number of analytical techniques 
have been used in the past ranging from empirical procedures based on the historical record 
alone and the so-called index sequential algorithm, to the occasional use of stochastic methods 
such as LAST.  In recent years, Bureau of Reclamation partners and stakeholders have indicated 
a strong interest in the use of stochastic models.   
  
For this example analysis, we began with 85 years of historically observed monthly data at 29 
sites in the basin.  Prior to using SAMS, the data at some sites have been extended in order to 
make them cover the same period at all sites.  Likewise, the data have been “naturalized” in 
order to remover the effect of regulation or diversions.  SAMS has been used to determine basic 
statistics (mean, standard deviation, skewness, auto-correlations and cross-correlations) as well 
as storage and drought related statistics in both the original and transformed (into normally 
distributed flows) domains.  Then the 29-site system was partitioned into a system comprised of 
key stations, substations and subsequent stations.  Single site and multisite models and 
aggregation and disaggregation techniques were utilized in order to determine stochastic monthly 
streamflows at all sites.  Like the original record, the stochastic traces were 85 years in length. 
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For illustration Fig. 1 shows two window menus: (a) for estimating the month-to-month cross-
correlations for sites 21 and 22 and (b) for estimating the parameters of an ARMA model for the 
annual flows of site 25.  Similar window menus are available for other operations. Figure 2 
illustrates the results obtained for transforming the annual flows of site 22 using a logarithmic 
transformation.  Plots 2(a) and (b) show the distribution of annual flows in the original and 
lognormal domains using a normal probability paper. 
 
 

    
 

  (a)                         (b)  
 

Fig. 1.  Illustration of the windows menu for (a) determining the cross-correlations between  
the monthly flows for sites 21 and 22, and (b) fitting an ARMA(p,q) model based on the  

method of moments to the annual flows for site 25. 
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Fig. 2.  Illustration for transforming the annual flows for site 22 of the Colorado River system:  

(a) empirical and model cumulative probability distribution plotted on normal probability  
paper and (b) probability distributions after lognormal transformation.   
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Figure 3 (a) gives the lag-0 month-to-month cross-correlation between the monthly flows of sites 
21 and 22 while Fig. 3(b) gives the spectrum of the monthly flows for site 25.  Clearly 3(a) 
shows that the cross-correlations vary through the year while 3(b) shows a major spike of the 
spectrum at a frequency that corresponds to the annual cycle. 
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Fig. 3  (a) lag-0 month-to-month cross-correlation coefficient between the monthly  

flows of sites 21 and 22 and (b) spectrum of the monthly flows for site 25 of the  
Colorado River System. 

 
Figures 4 (a) and (b) compare the historical monthly standard deviations for the 29-site system 
and those obtained from 20 generated samples of the same length as that of the historical record.  
Also a similar comparison of the month-to-month correlations is shown in Figs. 5(a) and (b).  
Clearly in both cases the models utilized produce generated samples with statistics that resemble 
those of the historical records. 
 

    
  
 

(a)       (b) 
 

Fig. 4.    Standard deviation of the (a) historical and (b) generated monthly flows  
for the 29 sites of the Colorado River System. 
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(a)             (b) 
 

Fig. 5   Lag-1 month-to-month correlation coefficients of the (a) historical and  
(b) generated monthly flows for the 29 sites of the Colorado River System. 

 
 
Data generated by SAMS on the Colorado River is being utilized in long term studies of the 
Colorado for both Reclamation and its clients.   These studies required development of a set of 
data management interfaces between SAMS and the RiverWare modeling framework developed 
by the Center for Advanced Decision Support for Water and Environmental Systems 
(CADSWES) at the University of Colorado (Zagona, et al, 2001) and the Hydrologic Data Base 
used by Reclamation for management of the Colorado River basin.  
 

OTHER APPLICATIONS OF SAMS FOR WATER RESOURCES PLANNING  
AND  MANAGEMENT 

 
During the past several years the Bonneville Power Administration (BPA) has been studying the 
use of a version of SAMS as an analytical tool to evaluate the potential impacts of future 
hydrologic variability on power generation within the Columbia River system. Likewise SAMS 
has been used by AYRES Associates for modeling streamflows and drought analysis for the 
Upper Colorado River System as part of the Colorado River Decision Support System (CRDSS) 
of the State of Colorado.  In addition, SAMS has been utilized for streamflow modeling of the 
Snake River by Simons and Asociates. 
 
Furthermore, stochastic techniques have been used occasionally on other river basins managed 
by the U.S. Bureau of Reclamation.  One example is the Truckee River basin of Nevada and 
California.  It is anticipated that the combined use of SAMS and RiverWare may prove to be a 
useful tool on the Truckee basin where RiverWare is being applied as part of the Watershed and 
River Systems Management Program. 
 
It is believed that the recent addition of weekly, and in the future daily, modeling capabilities 
will make SAMS useful to a wider community of hydrologists and water resources modelers.  
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QGEN – GENERATION OF ANNUAL PEAK FLOW DATA 
   

William Doan, P.E., Hydraulic Engineer,  U.S. Army Corps of Engineers,  Omaha District 
 
 
 
Abstract:  A computer program (QGEN) was developed which can generate or fill in missing 

annual peak flow hydrologic data based on regression analysis between two stream gages using:  

simple linear regression, linear regression with "noise" or error, and Maintenance of Variance 

Extension (MOVE).  The program uses two HEC-FFA Flood Frequency Analysis input files for 

instantaneous peak flows.  The program uses the concurrent years between the two stations to 

generate missing year flows for the second inputted HEC-FFA input file.  The program also 

generates output files with the HEC-FFA input format for the actual data supplemented with 

generated or synthetic data. An auxiliary program was also developed which can take peak flow 

data from the USGS Web-site and convert it directly into the HEC-FFA input format required for 

the program.  The three methods of generating hydrologic data were tested using two USGS 

stream gage locations: Yellowstone River at Miles City, MT and Sidney, MT and Elkhorn River 

at West Point, NE and Waterloo, NE.  The results of the analyses are summarized in terms of the 

statistical parameters of mean, standard deviations, skews, and discharge quantiles estimates.  

The results are also summarized in comparison to the traditional methodology discussed in 

Bulletin 17B Guidelines for Determining Flood Flow Frequency, Appendix 7 - Two Station 

Comparison. 

 

INTRODUCTION 
 
Several methods of augmenting or extending peak flow data were investigated for two rivers, the 

Yellowstone River in Montana and the Elkhorn River in Nebraska.  The results of the analyses 

are summarized in how they impact the means, variances or standard deviations, and skews.  A 

computer program (QGEN) was developed which can generate or fill in missing annual peak 

flow hydrologic data based on regression analysis between two stream gages using Maintenance 

of Variance Extension (MOVE).  The program uses two HEC-FFA Flood Frequency Analysis 

input files for instantaneous peak flows.  The program uses the concurrent years between the two 

stations to generate missing year flows for the second inputted HEC-FFA input file.  The 



 

program also generates output files which are input files for HEC-FFA for the actual data 

supplemented by the generated or synthetic data. 
 
 

THEORETICAL BACKGROUND 

Theoretically, using simple linear regression to fill in missing years of records artificially reduces 

the variance of the new data set because the values are directly correlated with the original data 

series.  Incorporating a “noise” or “error” term to the simple linear regression equation 

minimizes the reduction in variance of the new data set, unfortunately, this requires random 

number generation, which doe not insure an unique extended data set.  The Maintenance of 

Variance Extension (MOVE) method, though, does maintain the proper variance, yet, has a 

unique extended data set.  The linear regression and linear regression with noise methods are 

relatively simple.  The MOVE extension method, though, is more complicated and is based on 

the following equations: 
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Where µy and σy are the mean and standard deviation of the extended sequence and are defined 
below: 
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X is the set of annual peak flows for the long-term gage 
Y is the set of annual peak flows for the short-term gage 
µy and σy are the mean and standard deviation of the extended sequence 
yt is the variable with a missing variable to be generated 
µy1 is the mean of concurrent observations of Y 
ρxy is the cross-correlation between X and Y 
σy1 is standard deviation of concurrent observations of Y 
σx1 is standard deviation of concurrent observations of X 
σx2 is standard deviation of non-concurrent observations of X 
xt is the variable with the complete record 
µx1 is the mean of concurrent observation of X 
µx2 is the mean of non-concurrent observation of X 
N1 is the number of common observations between X and Y 
N2 is the number of values of Y to generate 
 
and: 
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Alternatively, a “traditional” extension of records or two-station comparison as suggested by 

Appendix 7 of Bulletin 17b was also performed on the two stations.  The results of the extension-

of-record analyses are shown in Table 1 and  on Figure 1. 
 

APPLICATION 

Two applications were used to examine the effects of extension of records: Yellowstone River at 

Miles City, MT extending with Yellowstone River at Sidney, MT and Elkhorn River at West 

Point, NE extending with Elkhorn River at Waterloo, NE. 

Table 1 
Yellowstone and Elkhorn Rivers Applications for Linear Regression, 

Linear Regression with noise, and MOVE 
                                                               Yellowstone 

River 
Elkhorn

River
Number of Years for Long-Term Gage 86 81

Number of Years for Short-Term Gage 73 39

Number of Concurrent Years between Gages 69 39

Number of Years to Generate Data 17 42

Correlation Coefficient .89 .87



 

Seventeen years of data for the Yellowstone River and forty-two years of data for the Elkhorn 

River were generated with QGEN using three different methods: linear regression, linear 

regression with noise, and MOVE.  Figures 1 and 2 show the results of the data generation. 
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                                    Figure 1
Yellowstone River -  Actual and Generated Flows
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                         Figure 2 
Elkhorn River - Actual and Generated Flows

 



 

Statistical analyses of the original and generated data sets was performed.  The generated data 

was added to the original data.  The results are shown on Table 2 below along with the Two-

station Comparison from Bulletin 17B. 

 

Table 2 
Statistical Parameters 

Yellowstone River at Miles City, MT 
  Linear Regression 

Data 
Linear Regression  

with noise Data 
MOVE Data  

Statistical 
Parameter 

Origina
l Data 

Just 
Gen 

Data 

Original 
Data 

Supplem
ented 

with Gen 
Data 

Just 
Gen 

Data 

Original 
Data 

Supplem
ented 

with Gen 
Data 

Just 
Gen 

Data 

Original 
Data 

Supplem
ented 

with Gen 
Data 

Bulletin 17B 
Two Station 
Comparison 

Mean Log 
Discharge 
 

4.7010 4.7262 4.7262 4.8607 4.7285 4.7249 4.7059 4.7269 

Standard 
Deviation 
 

.1396 .0861 .1462 .1259 .1527 .1280 .1359 .1503 

Skew 
Coefficient 

-.4032 -.0068 -.4580 .6130 -.1766 -.0068 -.3438 NA 

 

 

 

Table 3 
Statistical Parameters 

Elkhorn River at West Point, NE 
  Linear Regression 

Data 
Linear Regression  

with noise Data 
MOVE Data  

Statistical 
Parameter 

Origina
l Data 

Just 
Gen 

Data 

Original 
Data 

Supplem
ented 

with Gen 
Data 

Just 
Gen 

Data 

Original 
Data 

Supplem
ented 

with Gen 
Data 

Just 
Gen 

Data 

Original 
Data 

Supplem
ented 

with Gen 
Data 

Bulletin 17B 
Two Station 
Comparison 

Mean Log 
Discharge 
 

4.0674 3.7924 3.9181 3.8242 3.9394 4.0293 4.0395 3.9255 

Standard 
Deviation 
 

.3155 .3383 .3665 .3677 .3755 .4104 .3808 .3902 

Skew 
Coefficient 

-.2834 .5346 -.0367 .2535 -.1820 .5344 .0648 NA 

 

 



 

General Notes on Statistical Parameter Tables- For the Yellowstone River, using the linear 

regression data does significantly lower the standard deviation from the original data’s 0.1396 to 

0.0861.  Using the linear regression with noise brings the standard deviation back up to the 

original data’s value, as does using the MOVE data.  This process is not shown, though, in the 

Elkhorn River data, as the standard deviation actually rises using the linear regression data – 

going from .3155 to .3383.  The second item to note is the dramatic difference in the skew 

coefficient using the generated data, particularly for the Elkhorn River.  On the Elkhorn River, 

the MOVE data set generated an equivalent flow of 213,000 cfs for an observed peak flow of 

100,000 cfs, which significantly impacted the skew coefficient.  However, by definition, the 

MOVE equations are meant to maintain the mean and variance of the original data set, not 

necessarily the skew coefficient. 

 

Impacts on Discharge-Frequency Relationships-    The original data along with the original data 

supplemented by the generated data was applied to a Log-Pearson Type  III probability 

distribution to determine what impacts the generated data would have on the discharge-frequency 

relationship, particularly the 1% exceedance flow or 100-year return interval flood.   

                  Figure 3   
Yellowstone River at Miles City
Discharge-Frequency Relationships
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                 Figure 4
    Elkhorn River at West Point
Discharge-Frequency Relationships

 

 

Table 4 
1% Discharge Estimates in cfs 

Location Original Data Original Data 
Supplemented 

with Linear 
Regression 

Gen Data 

Original Data 
Supplemented 

with Linear 
Regression 

w/noise Gen 
Data 

Original Data 
Supplemented 

with MOVE Gen 
Data 

Bulletin 17B Two 
Station 

Comparison 

Yellowstone 
River at 
Miles City 
 

97,900 104,000 117,000 99,400 108,000 

Elkhorn 
River at West 
Point 

58,000 62,200 59,200 95,300 55,800 

 

 

General Notes on Discharge-Frequency Relationships-  For the Yellowstone River, there is 

relatively little difference between the various methods.  For the Elkhorn River, though, the 

MOVE supplemented data set estimated the 1% discharge significantly higher than the original 

data and the other methods.  This is due to the relatively large skew coefficient.  By reducing the 

skew coefficient down to the original data set’s value of 0.30 and weighting the high outlier with 



 

the historic period, this reduced the 1% flood value down to a more reasonable 68,100 cfs.  In 

evaluating which method provides the most accurate estimates, in lieu of other criteria, the 

method which most closely matches the graphical plotting positions of the original data should 

probably be the method of choice. 

 

 

CONCLUSION 

Overall, the three methods of data generation, linear regression, linear regression with a noise 

component, and particularly the MOVE extension, do provide methods of adding accuracy to 

flood discharge-frequency estimates.  The MOVE method give an alternative method to the  two-

station comparison in Bulletin 17B in extending annual peak records.  Particular care should be 

given to the skew coefficient resulting from the statistical analyses of the generated data set, as 

the methods are mean to insure the means and variances are maintained, not necessarily the skew 

coefficients. 
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Abstract 
Extreme flood hydrographs are needed to conduct risk analyses for dam safety.  A probabilistic 
hydrograph is defined as one that preserves a peak discharge exceedance probability and 
dependence between volume and peak for a fixed duration.  Probabilistic extreme flood 
hydrographs are constructed based on past streamflow estimates and paleoflood data.  The key 
factor in this approach is a peak discharge frequency curve, based on paleoflood data, that is 
extrapolated to a 1 in 10,000 annual exceedance probability.  A volume-to-peak approach is 
presented that uses four components to construct hydrographs: (1) a peak discharge-probability 
relationship; (2) regression relationships between peak discharge and maximum mean daily flow 
volumes; (3) observed hourly flow hydrographs that have regulation effects removed; and (4) a 
probability density for extreme storm duration.  An algorithm to develop the hydrographs is 
presented.  Assumptions, advantages and limitations of the simplified approach are discussed.  
The method is demonstrated using recent data and analyses for a large reservoir in the western 
United States.  Possible future additions to the method, including Monte Carlo sampling 
procedures, are outlined. 
 

INTRODUCTION 
 
Extreme flood hydrographs are needed for situations where the reservoir inflow peak discharge 
is greater than the maximum spillway capacity, the reservoir has a large, carry-over storage, 
and/or the reservoir has dedicated flood control space.  Flood runoff hydrographs integrate the 
drainage basin and channel response to precipitation, given some initial, variable state of 
moisture throughout the watershed.  There are many methods of estimating extreme flood runoff 
hydrographs, such as unit hydrograph approaches (e.g., Chow et al., 1988), continuous rainfall-
runoff modeling (e.g., Bradley and Potter, 1992), and statistical techniques (e.g., USACE, 
1975a).  These and other extreme rainfall-runoff methods are discussed by NRC (1988), Pilgrim 
and Cordery (1993), and Nathan and Weinmann (1999). 
 
It is well known that extreme flood hydrographs can be described as a multivariate statistical 
problem with three major factors: peak, volume and duration (e.g., Adamson et al., 1999).  The 
hydrograph shape (arrangement of ordinates in time), is a fourth factor that has seldom received 
consideration.  In most cases, a single factor, usually peak discharge or volume for a given 
duration, is fixed to simplify the complex, multivariate problem.  There has been some recent 
research in this area using bivariate distributions to jointly model peak and volume (Adamson et 
al., 1999), and fitting probability distribution functions to describe peak, volume and hydrograph 
shape (Yue et al., 2002).  However, these efforts have not focused on extrapolation of 
distributions to extreme floods, cases where one has paleoflood data, or concurrent peak-volume 
data are not available. 
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In this paper, statistical techniques are used to develop probabilistic extreme flood hydrographs.  
A probabilistic extreme flood hydrograph is defined as one that preserves a peak discharge 
exceedance probability and dependence between volume and peak for a fixed duration.  An 
extreme flood is considered to have an Annual Exceedance Probability (AEP) of 1 in 200 or less.  
Simplified probabilistic extreme flood hydrographs are developed to assess the adequacy of the 
spillway and reservoir flood/surcharge space to temporarily store a portion of the flood volume, 
and to attenuate or pass the flood hydrograph peak without overtopping the dam.  The 
hydrographs and probability estimates are used in risk analyses for dam safety.  These 
hydrographs can also be used to establish reservoir operating rules and determine diversions 
needed for construction. 
 

SIMPLIFIED PROBABILISTIC EXTREME FLOOD HYDROGRAPH METHOD 
 
Probabilistic hydrographs are constructed based on streamflow estimates from gaging stations 
and paleoflood data.  Four components are utilized: (1) a peak discharge-probability relationship; 
(2) an extreme storm duration probability relationship; (3) relationships between peak discharge 
and maximum mean daily flow volumes; and (4) observed hourly flow hydrographs that have 
regulation effects removed. 
 
There are four major assumptions for developing the hydrographs: (1) the probability of peak 
discharge represents a probability of the composite hydrograph; (2) unit hydrograph assumptions 
apply to the basin; (3) direct runoff volumes can be estimated from daily flow hydrographs; and 
(4) the recorded streamflow observations, historical information, and paleoflood data in the river 
basin of interest provide an adequate sample so one can extrapolate peak discharge probabilities, 
peak-volume relationships and hydrographs for extreme floods. 
 
The assumption about the probability of the hydrograph based on peak discharge is untested.  It 
is widely known that the relationship between peak discharge, runoff volume, and duration is 
multivariate.  However, streamflow data for the largest floods in the western United States 
indicate that the runoff volumes are linked to peak discharge on an annual basis (USBR, 
unpublished data).  For this paper, the relationships between peak discharge and runoff volumes 
are estimated via regression.  Others (USACE, 1975a,b; Cudworth, 1989; Beard, 1990; Balocki 
and Burges, 1994) have utilized the so-called “balanced hydrograph” design flood approach that 
combines peak discharge and volume probabilities.  In the balanced hydrograph method, specific 
flood volumes (e.g., 1-day, 3-day, 15-day, etc.) for a fixed return period are estimated and 
assumed to be coincident with a peak discharge that has the same return period.  A hydrograph is 
then constructed for a particular return period and contains the peak discharge and associated 
runoff volumes nested within it (Cudworth, 1989).  Balocki and Burges (1994) showed that the 
nesting assumption does not hold for several data sets they examined.  For many river basins in 
the western United States, streamflow data indicate that nesting of shorter-duration volumes 
within longer time periods does not consistently occur (USBR, unpublished data). 
 
The second through fourth assumptions noted above are operational and are not easily tested.  
Bradley and Potter (1992) conducted frequency analysis on the 3-day maximum mean flow 
(fixed volume), and related peak discharge to this 3-day flow.  Data were generated using 
continuous simulation.  Bradley and Potter’s (1992) extreme rainfall-runoff modeling approach 
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is an alternative to extrapolating the maximum mean daily discharge-volume relation.  They also 
note that “assuming a unique relationship between peak discharge and runoff volume can usually 
be justified when making flood quantile estimates for extreme events because flood-producing 
conditions of a single season often control the upper tail of flood distributions” (Bradley and 
Potter, 1992 p. 2381).  This statement might suggest that extrapolating the peak discharge-
maximum mean discharge relationship is a practical, operational assumption.  Other extreme 
rainfall-runoff methods are discussed by NRC (1988), Pilgrim and Cordery (1993), and Nathan 
and Weinmann (1999). 
 
Basic streamflow hydrograph methods (e.g., Chow et al., 1988; Bras, 1990) are used to estimate 
properties for probabilistic hydrographs.  These methods include peak and one-day mean 
discharge identification, and selection of hydrograph shape and duration.  Optionally, base flow 
identification and separation, and direct runoff volume estimation can be done.  Peak discharge 
and mean-daily streamflow records are used because this source is the best information on flood 
magnitudes that are likely to occur in the future, based on what occurred in the past (Pilgrim and 
Cordery, 1993). 
 
Many previous investigators have used unit hydrographs to model the rainfall-runoff process.  
Unit hydrograph assumptions are listed in Chow et al. (1988), Bras (1990), and many other 
standard textbooks.  One assumption is that the flow ordinates of the hydrograph are proportional 
to the volume of runoff.  Another assumption is that the direct runoff portion of the hydrograph 
is from rainfall excess; substantial snowmelt runoff is not included (Barnes, 1952; Rogers and 
Zia, 1982).  This assumption is clearly violated in many western United States watersheds, 
because snowmelt can be a major component of extreme floods.  Rogers and Zia (1982) were 
able to successfully use snowmelt runoff hydrograph data to derive relations between peak 
discharge and runoff volume.  Snowmelt runoff is included in developing scaled hydrographs. 
 
Peak Discharge Probability 
The basis for the simplified probabilistic hydrograph procedure is that a peak discharge 
probability relationship (frequency curve) that includes paleoflood data exists for the site of 
interest.  Paleoflood data provides the benefit of documentation on the magnitude and history of 
low probability floods (Levish, 2002).  One can then fit a frequency curve to peak discharge data 
from gaging stations combined with paleoflood data, and extrapolate the frequency curve to low 
probabilities (Figure 1).  Recently developed flood frequency programs that use either maximum 
likelihood (O’Connell, 1999) or moments (England, 1999) can be used to fit probability 
distributions to peak flow and paleoflood data.  Because paleoflood data only provide 
information on peak flows, it is not currently possible to estimate flow volumes or hydrographs 
directly from these data.  Additional steps and their inherent assumptions are needed to 
accomplish the linkage between peak and volume. 
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Figure 1: Example peak discharge frequency curve, including peak discharge (gage) and paleoflood data. The 
shaded region represents the extrapolation zone of the frequency curve. 

 
Storm Duration Probability 
Observed extreme storm durations are used as a basis to select the extreme flood runoff volume 
duration.  A sample of extreme storms that cause large floods is obtained for the area of interest.  
These data are readily available from the U.S. Army Corps of Engineers storm catalog, 
Reclamation storm studies, Probable Maximum Precipitation reports (e.g., Corrigan et al., 1999), 
and state offices (e.g., McKee and Doesken, 1997).  Prior to developing peak-volume 
relationships, extreme storm data are analyzed to determine the variability in extreme storm 
duration and any relationships between storm month and duration.  In addition, one examines the 
links between extreme storms and flood runoff.  A simple, discrete distribution is used to 
estimate daily storm duration probabilities (Figure 2).  The simplification is made because there 
are usually insufficient storm data to estimate a continuous distribution, and streamflow volume 
data are readily available only on a daily basis.  Levy and McCuen (1999) note the importance of 
selecting a design storm duration based on rainfall, time to peak, and time of concentration.  For 
this procedure, the storm durations were compared to the hourly hydrograph duration estimates 
that contained the majority of storm runoff using simple graphical methods.  The duration for the 
majority of runoff for the largest recorded flood hydrographs corresponds closely to the extreme 
storm duration sample. 
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Figure 2: Example extreme storm duration probability estimates, based on a 25 storm sample from Corrigan et al. 
(1999). 

 
Peak Discharge-Hydrograph Volume Relationships 
Generally following Rogers and Zia (1982), Singh and Aminian (1986), and Molfino and Cruise 
(1990, and references therein), maximum mean n-day flow estimates are related to peak 
discharge estimates.  Extreme flood runoff in many western United States watersheds is from 
both rainfall-excess and snowmelt runoff.  Rogers and Zia (1982) note that runoff hydrographs 
derived from snowmelt can be used to derive this relation.  Maximum mean discharge ( dQ ) for 
n-day periods is related to peak discharge (Qp), by a power function: 
 

pd QbaQ loglog +=  (1) 
 
This relationship is shown in Figure 3.  The assumed known variable is peak discharge (Qp), with 
an associated exceedance probability estimate from the frequency curve (Figure 1).  The quality 
of the regression relationship expressed in (1) depends principally on the data from the site of 
interest and the flow duration (n).  Mixed-population flood data (e.g., from thunderstorms, 
snowmelt, or rain-on-snow) can lead to difficulties in obtaining statistically significant 
relationships.  Good regression fits are typically found for shorter duration (1- to 7-day) flow 
volumes; the relationships become progressively worse for longer durations. 
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Figure 3: Example peak discharge-maximum mean daily flow volume relationship for 3-day flow. 

 
Hydrograph Shape and Duration 
In areas of the western United States, flood hydrographs can exhibit complex shapes, with 
multiple peaks (Figure 4).  These hydrographs are not typically symmetric or reversible, and it 
can be difficult to fit simple probability functions (e.g., gamma or beta) to describe their shape.  
Past applications generally consisted of using a single, averaged unit hydrograph or balanced 
hydrograph (e.g., Cudworth, 1989) or a mean dimensionless hydrograph (e.g., Craig and Rankl, 
1978) to represent the basin response.  Instead of relying on a single, average unit hydrograph to 
characterize the runoff process, multiple observed hydrographs are used to simulate the potential 
runoff response from extreme floods.  Observed flood runoff hydrographs provide the benefit of 
integrating basin and channel response to actual extreme precipitation in the watershed.  One can 
randomly select a hydrograph from the available sample, compute an extreme flood, and later 
selects a different hydrograph.  In this manner, variability is added to the process, and one does 
not rely on a single response function.  One major assumption of this approach is that the 
observed hydrograph shapes capture the variable characteristics of extreme storms, including 
rainfall duration, time-intensity pattern, amount, and areal distribution (Linsley et al., 1982), as 
well as antecedent moisture conditions.  A major assumption is that the duration of direct runoff 
is known.  The base time of the direct runoff hydrograph is generally uncertain, and is a function 
of the base flow separation technique (Chow et al., 1988).  The maximum n-day hydrograph 
ordinates are linearly scaled based on the selected n-day volume. 
 
Antecedent conditions for extreme floods are selected from hydrographs and reservoir elevation 
data.  Hydrograph durations are selected, based on simple graphical techniques, to include the 
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largest runoff volumes and to include antecedent flows.  A simple “target” duration can be 
chosen, for example 15 days (Figure 4), based on design criteria (Cudworth, 1989).  Alternately, 
daily hydrographs can be simulated for the entire flow season. 
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Figure 4: Example hourly hydrographs for four large floods used for extreme flood scaling. 

 
Sample Algorithm 
The algorithm to develop hydrographs consists of five basic steps that are based on the data and 
relationships available at a particular location: (1) sample a peak flow for a given probability 
from the frequency curve; (2) sample a storm duration from the distribution;  (3) based on this 
peak flow and n-day duration, estimate an n-day maximum mean flow from the peak flow n-day 
regression relationship; (4) randomly choose one hourly flow hydrograph from those available, 
and compute the ratio of the n-day estimated mean volume from the regression relationship to 
the n-day observed mean volume for that hydrograph; and (5) scale the maximum n-day 
ordinates of the selected hourly hydrograph with the ratio from the previous step.  It is 
emphasized that this procedure relies on extrapolation of both the flood frequency curve and the 
peak flow versus n-day regression relationships for most sites. 
 

EXAMPLE APPLICATION 
 
This procedure has been applied to several large water supply reservoirs in the western United 
States.  Some difficulties in implementing the above approach for large basins are basin scale 
(many sites greater than 1,000 mi2), mixed-population rainfall-runoff and snowmelt, significant 
regulation by reservoirs, and the ability to integrate storm-based precipitation into a model.  
Bradley and Potter (1992, p. 2375) note that the design storm approach is complicated in 
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complex, large, heterogeneous drainage basins.  For this initial example, a fixed duration equal to 
three days was assumed based on the storm duration probability density (Figure 2).  It is evident 
for this example that there are few extreme storms that have been recorded with much longer 
durations than five days.  A Monte Carlo procedure, including sampling from the storm duration 
histogram, will be part of future research efforts. 
 
Paleoflood data were compiled from several locations upstream and downstream of the reservoir 
and dam.  In this example, there was evidence in the stratigraphic record of individual 
paleofloods that were about twice as large as those in the gage record, and one paleoflood that 
might be about three times as large as the maximum recorded gage peak discharge estimate 
(USBR, unpublished data).  Data from these sites significantly extend the peak discharge record 
length.  Two discrete paleofloods and an estimate of a historical flood were used in the frequency 
analysis (Figure 1).  A log-Pearson Type III distribution was assumed as the frequency function; 
parameters were estimated using maximum likelihood (O’Connell, 1999). 
 
Peak discharge-n day maximum mean discharge relationships were estimated following the 
approach listed above.  Available peak discharge, hydrograph data and paleoflood estimates from 
USGS and USBR sources were used.  These flood data include the largest recorded flow 
estimates on the river of near the dam and reservoir.  Regression relationships were developed 
based on the largest observations of the flood flow data caused by rainfall-runoff.  These data 
included “natural” flows recorded before dam construction, and “unregulated” post-dam flow 
estimates.  The relationship between 3-day maximum mean runoff volume ( dQ ) and peak 
discharge (Qp) is shown in Figure 3. 
 
Probabilistic inflow hydrographs were developed by scaling the eight largest recorded 
hydrographs; four examples are shown in Figure 5.  These flood hydrographs are predominately 
rainfall-runoff mixed with snowmelt.  A single relationship, based on these mixed-population 
data, was used to link maximum mean daily flow volume with peak discharge.  The 1/10,000 
AEP 50 percentile peak discharge estimate (approximately 977,000 ft3/s, Figure 1) was used to 
assign the probability and peak to the hydrographs.  The 1/5,000 AEP 50 percentile peak 
discharge estimate (approximately 837,000 ft3/s, Figure 1) was also used.  For the use in a risk 
analysis, sixteen hydrographs were developed for the 1/10,000 and 1/5,000 median AEPs.  These 
hourly hydrographs were scaled from the peak discharge-maximum mean flow relationship for 
the 3-day duration. 
 
The hydrologic loads for assessing the overtopping risk of the dam consist of two components: 
an extreme flood hydrograph, and an initial reservoir elevation.  The eight 1/10,000 AEP median 
hydrographs and eight 1/5,000 AEP median hydrographs directly provide the first component, 
and should be considered equally likely representations of the basin extreme flood response.  
Each of these hydrographs should be routed with varying initial reservoir elevations to assess the 
overtopping potential of the dam.  Daily reservoir elevation data are analyzed to determine the 
percentage of time that the reservoir exceeds certain levels during the flood season.  The 
hydrographs can then be routed with a randomly chosen reservoir level, instead of using a fixed, 
initial reservoir level. 
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Figure 5: Example probabilistic hydrographs, using 1/10,000 AEP median (50%) peak discharge and 3-day volume 
scaling. 

 
DISCUSSION AND CONCLUSIONS 

 
This paper outlines the use of a simple technique to develop probabilistic extreme flood 
hydrographs.  A probabilistic extreme flood hydrograph was defined as one that preserves a peak 
discharge exceedance probability and dependence between volume and peak for a fixed duration.  
Four components were used to develop the hydrographs: (1) a peak discharge-probability 
relationship; (2) an extreme storm duration probability relationship; (3) relationships between 
peak discharge and maximum mean daily flow volumes; and (4) observed hourly flow 
hydrographs that have regulation effects removed.  The major factor in the methods was a peak 
discharge frequency curve, based on paleoflood data, and extrapolated to 1/10,000 AEP.  The 
assumption was that the paleoflood data could be used as the basis to extrapolate the frequency 
curve to the AEP of interest. 
 
This procedure can be considered as an improvement to prior statistical procedures, because it 
eliminates several arbitrary assumptions: (1) the use of a single duration for runoff volume; (2) 
the use of “nested” flood probabilities for a fixed duration; (3) the use of a single hydrograph 
(basin response function); and (4) the use of a single initial reservoir level.  The major 
advantages to the present procedure are: (1) it is conceptually simple to understand; (2) it is 
based on available data; and (3) it capitalizes on existing statistical techniques.  However, the 
procedure has not been fully tested to date.  Further work needs to be done to test and improve 
the procedure.  Routines need to be written to automate the sampling of distributions in a Monte 
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Carlo framework.  The uncertainty in peak discharge frequency curves and peak-volume 
regression relationships need to be included, at a minimum.  A reservoir routing routine needs to 
be added, so one can automatically determine a maximum reservoir elevation for the proposed 
combinations (thousands) of selected hydrographs and initial reservoir levels.  The variability of 
each component, and how each piece affects the computed maximum reservoir elevation, needs 
to be investigated.  Results from this method should also be compared with results from 
traditional, deterministic flood hydrology procedures, that can provide some physical basis for 
comparison. 
 
There are some major limitations to this method.  As it is based purely on statistical procedures, 
there is no current way to verify that the extrapolated flood frequency distribution and 
extrapolated peak-volume relationship are physically meaningful.  The procedure does not 
separate snowmelt runoff from rainfall-runoff processes.  It also does not include effects of 
upstream reservoirs.  Alternative, stochastic-deterministic rainfall-runoff based procedures, 
calibrated to the flood frequency curve, may supersede this procedure when more detailed 
analyses are needed. 
 
Reclamation is currently investigating the performance of a physically-based, two-dimensional 
distributed rainfall-runoff model for predicting large floods and extrapolating flood frequency 
curves.  The Corps of Engineers is also developing probabilistic flood hydrographs using the 
HEC-1 rainfall-runoff model with stochastic meteorological and hydrologic inputs.  The Corps 
study includes the effects of upstream reservoirs; correlates initial reservoir levels to antecedent 
flood conditions; and ties rainfall magnitude, duration, and distribution directly to the production 
of flood hydrographs.  While these studies introduce additional uncertainty into the analysis by 
the selection of model parameters, Reclamation can use these results to evaluate the 
appropriateness of the assumptions used in the scaling approach to developing flood 
hydrographs. 
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HYDROLOGICAL PREDICTION/FORECASTING MODLEING USING 
COMPUTATIONAL INTELLIGENT TECHNIQUES 

 
 

By Bernard B. Hsieh, Research Hydraulic Engineer, US Army Engineer, Research and 
Development Center, Vicksburg, Mississippi 

 
Abstract: Three different scale watershed systems are used to illustrate the 
prediction/forecasting of hydrological behavior using computational intelligent techniques, such 
as Artificial Neural Networks (ANNs).  The physical parameters for evaluating the performance 
are riverflow, river stage, rainfall and rainfall-runoff processes.  In the lower portions of the 
Mississippi River, riverflow characteristics at Memphis, TN, can be predicted with a high degree 
of accuracy from two upstream gauges, even without rainfall data and tributary flow data 
(sixteen years daily flow and precipitation).  Less accurate results were obtained for the Sava 
River (Croatia) daily flow study, due to mainly to the limited length of available data sets.  The 
model performance was excellence for 40 years monthly mean data set for the Sava River.  A 
spatial rainfall prediction and forecasting system was applied to the Goodwin Creek Watershed 
using ANNs. The study concluded that the best performance of an ANN for hydrological 
prediction/forecasting heavily depends not only the length of the data sets but also whether the 
most significant patterns included in the process. The performance accuracy due to intelligent 
techniques, approach algorithms, training strategies, and data representation are presented.   
 
 

INTRODUCTION 
 
With the advancement of modern computational and information technology, using the 
hydrological numerical model to address a watershed system becomes a more reliable 
engineering design and simulation tool.  For example, a physically based distributed rainfall-
runoff model can determine the temporal and spatial distribution of flow depths on the hill slopes 
and in the channels for any given storm events.  The improvement of visualization and 
operational techniques, such as GIS, graphical interface, satellite image, and other remote 
sensing methodologies, truly has enhanced the modeling horizon. However, the associated 
uncertainties of soil parameter, moisture deficit, spatial distribution of slope, and surface 
roughness could still curtail the prediction accuracy of watershed simulation.  On the other hand, 
the errors due to numerical schemes, and the simplification of model assumptions also could 
propagate into the system.  In addition, due to the tremendous range of variability of system 
stress/input, such as rainfall, which displays over a wide range of scales, both in space and time 
will reduce the accuracy of prediction.  The combinations of these factors certainly restrict our 
goal to obtain a well-validated model. 
 
To improve the modeling accuracy and quick response, the intelligent computational methods, 
which include artificial neural networks (ANNs), fuzzy logic, and support vector machine are 
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considered as an alternative aspect.  Artificial Neural Networks (ANNs) is a type of biologically 
inspired computational model based on the functioning of the human brain. ANNs is a set of real 
and artificial neural networks capable to learn and adapt, generate data, and distribute processes. 
It is a modern computational technique for solving many complex nonlinear and dynamic 
problems through learning and reasoning processes. ANNs have used several algorithms; 
particularly, time-lagged neural networks and partial recurrent networks, both are suitable to 
obtain highly accurate solutions for solving spatial and temporal forecasting problems.  
 
Fuzzy logic, which is a process in ANNs, is based on the mathematics of fuzzy set theory where 
the classical notion of binary membership in a set has been modified to include partial 
membership ranging between 0 and 1. The gradual transitions between defined sets allow the 
uncertainty and ambiguity associated with the concepts, which they represent to be modeled 
directly The Support Vector Machine (SVM) can also be applied to the case of regression, 
maintaining all the main features that characterize the maximal margin algorithm: a non-linear 
function is learned by a linear learning machine in a kernel-induced feature space. 
 
The focus of this paper is the practical applications of hydrological modeling using above-
mentioned computational intelligent techniques, particularly for the ANNs other than the 
theoretical development and comparison the performance accuracy among them. 
 
 

A SYSTEM ANALYSIS TOOL – ARTIFICIAL NEURAL NETWORKS (ANNs) 
 
Time series analysis techniques; such as ARIMA (Autoregressive-Integrated-Moving Average) 
transfer function, Kalman filtering estimation, and other recursive estimation method have been 
solved the prediction problem of natural forcing system. The complexity of system nonlinearity 
and limitation of information memory may cause the unsatisfactory results. These highly 
nonlinear systems need to be solved by proper transformation and response techniques. The 
concept of system response for prediction through a neural networks model is illustrated as 
Figure 1. 
 
Several computational algorithms are used to conduct the ANNs models. In this paper, three 
most popular temporal prediction/forecasting algorithms, namely, Multi-layered Feed Forward 
Neural Networks (MLPs), Time-Delayed Neural Network (TDNN), and Recurrent Neural 
Network (RNN), are briefly introduced. More description will give to MLPs due to its most use 
for many applications. The detail theory development for the algorithms is referred to Principe 
etc al. (1999) and Haykin (1994). 
 
Multi-layered Feed Forward Neural Networks: The main advantages is that they are easy to 
use, straightforward in conceptual design, and that can approximate any input/output map. 
However, the key disadvantages are that they train slowly, require large amounts of training data, 
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and classify as static backpropagation training. MLPs overcome many of the limitations of 
single-layer perceptrons, but were generally not used in the past because effective training  
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 Figure 1. Concept of system response for prediction 

 
algorithms were not available. The development of new algorithms has changed this outlook 
significantly. However, although the MLPs are the most widely used for water resource variables 
prediction (Coulibaly et al. 2001), it often yields suboptimal solutions. Actually, the MLPs 
model does not perform temporal processing since the vector space input encoding gives t the 
model no hint of the temporal relationship of the inputs (Giles et al 1997).  Figure 2 shows a 
fully connected feed-forward network with one hidden layer and output layer. 
 
The back-propagation training algorithm, which fully incorporates the MLP architecture, is 
currently the most general-purpose, commonly used neural-network paradigm. The basis 
principle of the back-propagation algorithm is to introduce a method of modifying the network 
weights by minimizing the error between a target and computed objects. In back-propagation 
networks, the information is processed in the forward direction from the input layer to hidden 
layer(s) and then to the output layer. When discussing the modification of network weights, the 
gradient descent method is analogous to an error-minimization process. It usually employs the 
techniques of propagating error terms required to adapt weights back from nodes in the output 
layer to nodes in lower (hidden) layers. 
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Time Delay Neural Network (TDNN): The TDNN was originally developed by Waibel (1989) 
for phoneme recognition. The main feature of a TDNN is the recognition of local features within  
 

 
 
 

Figure 2.  Fully connected feed-forward network 
     with one hidden layer and output layer 
 

a larger pattern, independent of the position of the local features in time. This usually is called 
time invariance. 
 
The architecture of a TDNN is essentially feed forward, but the connection between layers is 
modified in order to achieve time invariance. Instead of having full interconnections between 
adjacent layers, each hidden node receives inputs only from nodes in a small region from 
previous layer. This small region is called a time window, which consists of several time frames. 
With this architecture, the technique of shared weights can then be used to build in some degree 
of time invariance into the response of the network. This involves constraining the weights from 
a time window to be equal to the corresponding weights from all other time windows in the same 
layer.  
 
Recurrent Neural Network (RNN): Recurrent networks can be classified as fully and partially 
recurrent. Fully recurrent networks can have arbitrary feed forward and feed back connections. 
In partially recurrent networks (PRNN), the main network structure remains feed forward with 
feed back connections formed through a set of context, which memorize past states of the hidden 
units. Hence, the output of the network depends on an aggregate of the previous states and the 
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current input. It is because of this property that (PRNN) possesses the characteristic of a dynamic 
memory. 
 
There are three general models of RNN, depending on the architecture of the feedback 
connections: The Jordan RNN (Jordan 1986), which has feedback (or recurrent) connections 
from the output layer to its inputs; the locally RNN (Frasconi et al. 1992), which uses only local 
feedback; and the globally connections RNN (Elman 1990), which has feedback connections 
from its hidden layer neurons back to its inputs. 

 
 

NEURAL NETWORKS TRAINING AND PERFORMANCE EVALUATION 
 
An ANN is a general-purpose nonlinear model, which mainly is used to apply to prediction and 
classification. Neural Solutions (2001) also provided the nine step guidelines to perform the 
ANNs modeling. Actually, the understanding the physical processes before designing the ANNs 
is a key element to achieve the satisfactory solutions. Basically, the main control parameters of 
ANNs model are the weights applied to the connections and the biases. The estimation of 
parameters is known as training. If an ANN properly learns the essential features of the data, 
then ANN is said to achieve good generalization.  
 
According to the early stopping method, the data may be split into three sets, namely a training 
set, a cross-validation set and a test set. The training set is used to train the network whereas the 
cross-validation set is used to check, or test the performance of the network at regular stages of 
training. Training is stopped when the error on the cross-validation set reaches a minimum. 
Finally, the performance of the network is evaluated on the testing set, which has not been used 
in the training process. 
 
During the developing stages of the neural network, it needs to compute certain performance 
parameters. Several quantity numbers, including mean square error, normalized mean square 
error (NMSE), mean/maximum/minimum absolute errors, and correlation coefficient (CC) 
represents the performance analysis. When the value of the NMSE, E is 1, it means the system is 
simply predicting the mean. Perfect prediction corresponds to E=0. 
 

 
HYDROLOGICAL PREDICTION/FORECASTING APPLICATIONS 

 
Riverflow Prediction in a Segment of Lower Mississippi River: The Lower Mississippi River 
is considered to begin at Cairo, IL, at the confluence of the Ohio and Upper Mississippi Rivers. It 
travels southward a distance of approximately 954 miles to Head of passes, LA. During 1973, a 
series flood occurred in the Lower Mississippi River. The peak flows for the crest stages were 
over 1.5 million cfs. Major flooding as what occurred in 1973 is a good example of the need for 
forecasting system as an essential tool to reduce flood damage. 
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In this study, the ANN was used to predict the riverflow at Memphis, TN, from the upstream 
gauge at Thebes, IL before the Mississippi River merges with the Ohio River and the nearby 
gauge at Metropolis, IL, at its confluence with the Ohio River. The lateral contribution of 
tributaries within this river segment is the Obion, Hatchie, Loosahachie, and Wolf Rivers in 
West Tennessee and rainfall in this river basin.  The purpose of this study is to identify the 
prediction capability with minimum hydrologic information using of ANN and to determine the 
contribution of the Ohio River to flooding. 
 
A database was developed using 16 years (from 1975 to 1990) of daily riverflow from these 
three stations and ten daily rainfall stations, which are about uniformly distributed spatially over 
the river basin. A rainfall-runoff model was constructed using two upstream flows (Ohio & 
Mississippi Rivers) and total daily rainfall as the inputs and the downstream riverflow as the 
output. The first 6 years’ data are used as the training; the next 2 years’ information is used as the 
cross-validation, and the last 8 years is used as the testing. A multilayered perceptrons feed-
forward backpropagation architecture design was used.  
 
The fairly accurate results are obtained by three subdatasets based on the performance of NMSE 
and CC. The CC ranges are 0.95, 0.93 and 0.94. However, the graphical comparisons show that 
the spikes match very well but a phase exists between the observed values and simulated outputs. 
This difference implies the consideration of time lags is required. Hence, the second test was 
conducted by up to 2-day lag for each input series. It forms four inputs and one output system. 
This modification produced a significant improvement. Figure 3 shows the model testing results.  
A sensitivity analysis was performed to identify the ranking among these four inputs. It indicated 
that the highest correlation of downstream gauges was related to 2-day lag riverflow for both 
upstream gauges. 

Mississippi River Segment Daily Flow Model 2x1 (Testing Results)
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Figure 3. Test results for Mississippi River segment riverflow (cfs) prediction model with two 
                    upstream inputs 
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The second scenario of this model was to add the rainfall factor (up to 2-day lag) as the input 
variable. There was very limited difference between these two runs. This seems to indicate that 
the downstream prediction is not being sensitive to rainfall. This also means that the contribution 
of watershed inflow comes from tributaries. However, it might not necessary to test the 
sensitivity of tributary flow, since the forecasting system is developed well enough by ANN only 
to require upstream gauges. 
 
Sava River Flow and Stage Prediction Model: The Sava River is the largest river in former 
Yugoslavia. Since Yugoslavia was divided into several new republics, the Sava River starts into 
Slovenia. Going downstream, the Sava flows through Croatia, Bosnia, and Serbia. The total 
drainage area at the confluence of the Sava and Danube River comprises 96 thousand square 
kilometers and the watershed length is 2,255 km. The length of the Sava River is 950 km. 
 
During the Bosnia war, the prediction of river stages for military crossings became particularly 
important. The accuracy of prediction was critical to determine the schedule of military 
operations, especially the locations at which to construct bridges. Therefore, a riverflow and 
stage forecasting system was required to address changes in weather condition. An upstream-
downstream modeling study can provide the necessary answers. 
 
A number of riverflows and stages are available for nearly two-dozen gauges in both the 
mainstream and some tributaries. The best data files that can currently be used to construct the 
model are eight stations for riverflow and two stations for river stage. These riverflow stations 
are along the main river, and the data set is a year of daily mean flow (the most downstream 
station is the site for the bridge for the military operation). The daily river stage (2-1/2 years of 
data) data exist only for the two most downstream stations, which both have the military bridges. 
This modeling effort is to find an alternative method to predict downstream flow and stage based 
on the minimum upstream information, other than the numerical watershed model simulation. 
 
Sava River Stage Forecasting Model: Using the data available, a river stage forecasting model 
was constructed using the Savonski gauge (upstream) to predict the Zupanja gauge 
(downstream).  The data file (2.5 years) as the regular ANN modeling procedure was divided 
into a training set (1 year), a cross-validation set (6 months) and testing set. This model again 
trained by multilayer perceptron with backpropagation algorithm with one hidden layer. Since 
these two gauge stations are not far from each other, the result shows very good agreement with 
observations. In order to test the model forecasting capability, the forecast ranges were set to up 
to 3 days ahead and several scenarios were conducted. The lowest correlation coefficient was 
0.911 and the mean absolute error was 0.52 m for the 3-day ahead prediction with current and 
previous 2- day stage at the upstream location.  
 
 
Sava River Flow Prediction Model: As described above, the data file for riverflow exists only 
at eight stations from upstream to downstream. Station 8 (Slavonski Brod) is the most 
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downstream gauge and the only one that has a bridge. From the preliminary analysis for 
riverflow distribution, the first four stations show similar flow patterns. The pattern starts to 
change at station 5 (Ornac) due to merging of tributary flow. The flow patterns change rapidly 
from station 5 to station 7 (Davor) due the more complicated hydrographic conditions and 
geomorphology. 
  
It was therefore decided to take two locations, one model using station 1 and station 5 with time 
lags and try to predict the flow at station 8. While the training (6 months’ data) shows fair 
agreement, the cross-validation (1 month of data) and testing (5 months’ data) overestimate 
results with some degree of deviation. The explanation for these differences is that the first 6 
months’ flow patterns are quite different from the last six month patterns and the record for 
training is not long enough to adjust the difference from stations 1 and 5 to station 8. Some 
improvement was found if the input series also included station 7.  Even better agreement was 
obtained by using time-lag recurrent algorithm.  
 
It is interesting to investigate the ANN performance with different time scales. Presently, there 
exists forty years of historical (1926-1965) monthly mean flow data for the Sava River. The 
TLRN was used to establish an ANN model segmenting the forty years of data as follows: First 
fifteen years data (1926-1940) as the training set, the next ten years data (1941-1950) as the 
cross-validation set, and the last fifteen years data (1951-1965) as the testing set. This model 
used gage stations’ 1(Radece), 5 (Jasenov) and 7 (Slavonski Brod) as inputs and station 8 
(Zupanja) as the output. Results (Figure 4): a good agreement (0.0208 meter NMSE and 0.9898 
correlation coefficient) was found in the testing performance. When station 7 was disregarded as 
one of the inputs and performance also turned well (CC=0.9778). 
 

S a va  R ive r M o n th ly F lo w  M o d e l 3 x 1  (T e s tin g  R e s u lts )

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

3 5 0 0

1 9 17 25 33 41 49 57 65 73 81 89 97 10
5

11
3

12
1

12
9

13
7

14
5

15
3

16
1

16
9

17
7

Z u p an ja
Z u p an ja  O u tp u t

 
 
Figure 4. Test results for Sava River monthly flow (cms) prediction model with three-inputs/one 
               output system. 
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Goodwin Creek Watershed Rainfall Prediction and Forecasting Model:  Goodwin Creek is a 
tributary of Long Creek, which flows into the Yocona River, one of the main rivers of the Yazoo 
River basin. Mississippi. The National Sedimentation Laboratory operates the watershed, and it 
is organized and instrumented for conducting extensive research on upstream erosion, instream 
sediment transport, and watershed hydrology.  The Goodwin Creek is divided into fourteen 
nested subcatchments with a flow-measuring flume constructed at each of the drainage outlets. 
The drainage areas above these stream gauging sites range from 0.63 to 8.26 square miles.  
 
Twenty-nine standard recording rain gages are uniformly located within and just outside the 
watershed. The climate of the watershed is humid, hot in summer and mild in winter. The 
average annual rainfall during 1982-1992 from all storms was 56.7 inches, and the mean annual 
runoff measured at the watershed outlet was 5.7 inches per year. 
 
The purpose of this rainfall study is to demonstrate the capability of ANNs for prediction from a 
neighboring station’s rainfall patterns and for forecasting a spatial wide scale while a storm 
occurs. Four rain gages (station 1 is located about as far downstream as feasible; station 6 and 7 
are about in the middle of watershed; station 12 is located at the very upper end of the watershed) 
are selected to perform this study. The storm events are based on the duration, which is less than 
24 hours, and the intensity, which the total volume of rainfall is less than 1.5 inches during the 
period of 1982-1985. Total 19 storm events (13 events for training; 3 events for cross-validation; 
3 events for prediction) are used to conduct this ANNs modeling effort. The procedures for 
generating knowledge base also include converting the unit volume of rainfall for each storm 
event, and then link each storm event as the rainfall time series for each gauge with half-hour 
time interval. An example of using station 7 to predict station 12 (CC=0.873) is shown as Figure 
5. The correlation coefficient increases to 0.98 when using 3 rainfall stations (station 1, 6, and 7) 
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              Figure 5. The rainfall volume prediction (dashed line) from neighboring station 
 
to predict the rainfall at the station 12. The relative low CC due to only 13 storm patterns are 
involved for the training. A spatial dimension-forecasting test was performed to examine the 
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forecasting reliability. A one-step ahead rainfall forecasting can reach about 0.90 CC for four 
stations involved simultaneously. Three ANNs algorithms were used to compare the 
performance of model reliability. The PRNN and TDNN usually receive better results and easier 
to operate than the MLPs.  
  

 
ERFORMANCE ANALYSIS DUE TO INSUFFICIENT HYDROLOGICAL TRAINING 

PATTERNS 

From above three hydrological predictio emonstrations, it can be concluded that 
e reliability of using artificial neural networks is heavily depended on how well the training 

lgorithms and Other Computational Intelligent Techniques

P

 
n/forecasting d

th
patterns are included during the learning processes. With highly nonlinear system and/or time-
delay phenomenon, this behavior is more remarkable. In this section of paper, an upstream-
downstream riverflow prediction is applied to the Sava River system during year of 1987 (as the 
river prediction model in the previous section). In this section, an accuracy investigation of 
training is based on the selected algorithms/intelligent techniques, data representation, and 
training methods. 
 
Due to ANNs A : Table 1 

mmarizes several neural networks algorithms and other computational intelligent techniques to 

Table 1 
Performance Analysis of Training Algorithms or Computational Intelligent Techniques 

for Sava River Riverflow Prediction (Correlation Coefficient and NMSE (m3/sec)) 

su
perform this insufficient knowledge base condition. It is noted that the better performance should 
have higher correlation coefficient and lower NMSE. While Jordan-Elman recurrent receives the 
best results, no significant improvement has been found from other techniques. This is mainly 
due to only one hydrologic cycle is involved for the learning process. 
 
 

Training Algorithms Training Cross-Validation Testing 

Multi-layer Perceptron 0.81 (0.34) 0.53 (9.49) 0.83 (1.49) 

Time-Delay NN 0 0  .91 (0.17) 0.52 (3.15) .94 (1.30)

J  ordan-Elman Recurrent 0.94 (0.11) 0.80 (3.42) 0.97 (1.49) 

Principal Component Analysis 0.81 (0.36) 0.52 (7.53) 0.83 (1.71) 

Neuro-Fuzzy System 0.88 (0.22) 0.55 (8.75) 0.80 (1.35) 

Support Vector Machine 0.92 (0.48) 0.03  (12.3) 0.61 (2.02) 

 
 

ue to Data Representation:D  The main feature using ANNs is to recognize and learn the 
istorical patterns. Therefore, another critical issue for the performance accuracy is due to the h
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data representation. This is particularly important when the data length is not very long. The 
original data set was divided into four quarters. Two quarters were used to perform the training, 
one quarter was used to conduct the cross-validation, and the remaining quarter was used to 
generate the prediction (testing). Four combinations (Table 2) with the sequences of training, 
cross-validation, and testing were investigated by checking the performance.  The analysis 
indicated that the satisfactory result is due primarily to the pattern similarity between the data 
from quarters 2 and 4. The pattern for data from quarter 1 is quite different from the other 
quarters. Therefore, the pattern similarities are still the major factor to assure the good 
performance for prediction. It is not because of the order of data representation during the 
learning processes. 
 

 
 

ue to Training Strategies:D  Table 3 concludes the accuracy performance due to the training 
ethods. Trains N times use different random initial conditions and the best network weights are 

SIONS 

Modern computational intelligent roduced to conduct the hydrological 
rediction/forecasting system for three scale watershed systems of riverflow, river stage, rainfall 

erformance Analysis of Recurrent Neural Networks due to Data 
Representation (Correlation Coefficient and NMSE (m3/sec)) 

Table 2 P

Data Representation (quarters) 

Tr C-V Te Training 
Cross-

validation Testing 

1, 2 3 4 0.94 (0.12) 0.91 (2.58) 0.96 (2.06) 

1, 4 2 3 0.95 (0.41  ) ) 0.91 (0.37) 0.94 (0.23

3, 4 1 2 0.97 (0.06) 0.94 (0.37) 0.97 (1.26) 

2, 3 4 1 0.94 (0.12) 0.98 (0.83) 0.52 (1.19) 

m
saved. For vary a parameter training process, the user picks a network parameter to vary. The 
starting value of chosen network parameter need to be selected along with the desired number of 
variations and the size of the increment between each variation. The goal of using genetic 
algorithms training is to find the parameter settings that result in the minimum error. The training 
options are determined by the population size, maximum generations, and maximum evolution 
time. The comparison is based on 10 runs with 50-population size, 100 maximum generations, 
and 60 maximum evolution times.  Slightly better accuracy performance is found from the 
genetic algorithms. However, it costs much longer training time. From this investigation, it can 
be concluded that the performance accuracy is strongly affected by the training patterns involved 
and the natural of selected training algorithms.  
 

CONCLU
 

techniques are int
p
volume, and rainfall-runoff processes. The dynamic and memorized ANNs obtain quick response 
and high accuracy results when enough training patterns are involved. No significant 
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improvement has been found by other techniques. The learning reliability can be slightly 
increased by using different training methods. Future research, which incorporates numerical 
watershed model into computational intelligent techniques as a hybrid system is good direction 
to toward real-time or near real-time prediction/forecasting with the capability of spatial horizon. 
 
 

Table 3 
Performance Analysis of Time-Delay Neural Network due to Training Methods 

(Correlation Coefficient and NMSE (m3/sec)) 
Training Method Training Cross-Validation Testing 

Regular Training 0.96 (1.34) 0.93 (0.13) 0.76 (3.68) 

Train 10 Times 0.92 (0.20) 0.63 (2.26) 0  .95 (0.80)

Vary a Parameter (10 runs) 0.92 (0.15) 0.82 (2.77) 0.96 (1.07) 

Train ms  Genetic Algorith 0.93 (0.27) 0.83 (0.66) 0.96 (0.60) 
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Abstract:  The Mancotal Dam of the Apanas Reservoir in Nicaragua, among others was severely 
damaged during Hurricane Mitch. The Corps of Engineers was tasked with evaluation of 
appropriate remediation measures at this and other sites. The loss of a large reservoir, due to its 
inability to pass a storm event, is typically unacceptable under any circumstances.  In the case of 
Mancotal Dam (Apanas Reservoir) in Nicaragua, this situation is further aggravated due to the 
water supply and hydropower needs that are dependent on the dam. The adequacy of a 
reservoir’s spillway is dependent on its ability to safely pass runoff from storms.  The magnitude 
of the storm that should be considered necessary for such passage is a function of safety, cost, 
foresight, expectations, risks and a multitude of other factors.  The storm used to size a dam and 
spillway is called a “Design Storm”; a “Design Flood” is the flood resulting from this storm. The 
selection of a Design Storm is typically based on the dependence of a region to a reservoir and 
the inherent risks associated with failure of the dam supporting the reservoir.  The accepted 
design standard for any large significant dam is the Probable Maximum Storm (PMS).  This is 
the largest magnitude, most critically intense rainfall- producing storm that can be reasonably 
assumed to occur over a region.  
 
Many special PMS studies have been done by the National Weather Service (NWS) for the 
continental United States.  Such studies are extensive and cannot be conducted in a short time 
frame. The NWS’s Hydrometeorological Reports Number 51 and 52 provide guidance on 
developing a PMS.  In the United States, data has been developed by the NWS that provides 
regionally based rainfall indexes.  These indexes provide maximum rainfall intensities for 
various durations throughout the U.S.  PMS indices and development procedures are not 
available for Nicaragua or Central America.   Therefore, the application of the indexes developed 
in HMR 51 and 52 to this region had to be evaluated.  The storm resulting from Hurricane Mitch, 
which occurred in 1998 is used for this evaluation.  A detailed evaluation of the Hurricane Mitch 
storm indicates many of the indices used in developing a PMS in the United States are exceeded 
by this storm.  Therefore, methods are described to determine a Design Storm representative of 
“worst case” condition for Nicaragua and how to “transpose” such a storm across its 
mountainous terrain.  The relative size and magnitude of the Hurricane Mitch storm in 
comparison to a “worst storm possible” is important.  It is also important to this study to know 
“how”, “why” and “where” the rain fell during Mitch relative to Mancotal Dam.  Many factors 
such as orographic changes in landmass and distances from moisture sources play a role in 
transposing a storm.  However, the primary factor is related to the difference in the lowest 
sustainable dew points between seas level and the watershed of the reservoir.    It was determined 
that two design storms should be considered for Mancotal Dam.  Both storms were evaluated and 
the Design Storm resulting in the highest reservoir elevation was used in the analysis of dam 
safety alternatives. 
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INTRODUCTION 
  

Spillway Adequacy Considerations:  The adequacy of a reservoir’s spillway is dependent on its 
ability to safely pass runoff from storms.  The magnitude of the storm that should be considered 
necessary to safely pass is a function of safety, cost, foresight, expectations, risks and a multitude 
of other factors.  The storm used to size a dam and spillway is called a “Design Storm”; a 
“Design Flood” is the flood resulting from this storm. The selection of a Design Storm is 
typically based on the dependence of a region to a reservoir and the inherent risks associated 
with failure of the dam supporting the reservoir. 
 
Most reservoirs of any substantial size are very expensive to construct and maintain.  Therefore, 
the loss of a large reservoir, due to its inability to pass a storm event, is typically unacceptable 
under any circumstances.  In the case of Mancotal Dam this situation is further aggravated due to 
the water supply and hydropower needs.  Communities tend to locate and flourish around 
reservoirs.  This adds to further dependency on the dam and also subjects development 
downstream of a dam to loss of life should the dam fail.  Approximately 15% of the Hydropower 
production of the country is produced directly from this project.  The loss of electricity 
dependent on Mancotal Dam would be far reaching and could affect the needs and safety of the 
entire country of Nicaragua. 

 
Environmental Conditions:  Nicaragua, being in the North Tropical zone, presents a six-month 
wet season and a dry season of the same duration, typical of the tropics.  At noon, the sun is in 
“zenith” position, reason for which the sunrays fall perpendicularly, being more candescent and 
producing high temperatures when making contact with the earth.  In the high mountains there 
are nicer temperatures than in low areas and seashores.  It is estimated that the temperature in 
Nicaragua descends approximately one degree Centigrade for every 140 meters it ascends.  
Vegetation is a great moderator of climate because it absorbs much of the sunrays and lowers the 
impact of rain over the terrain that it covers. 
 
The climate in these areas is not very uniform. 
This climate becomes even more intense due to 
periodic hurricanes that plague Nicaragua on a 
continual basis.  These storms, even under moderate 
strength conditions, have a detrimental impact on 
the infrastructure and all aspects of life in 
Nicaragua.  Historically problems have been 
overcome with these storms until October of 1998.  
Nicaragua experienced one of the country’s worst 
natural disasters as a result of a hurricane. 
Hurricane Mitch, as shown, has been described by 
many climatic experts as the most deadly hurricane 
to strike the Western Hemisphere in the last two 
centuries.  Mitch took over 11,000 lives in Central 
America and caused total estimated damage of over 
$5 billion. 
  



 In Nicaragua, there were over 3,800 dead with 
as many as 7,000 others missing. Two million 
people directly affected and 500,000 – 800,000 
were left homeless.  Even though some images 
display the most intense rainfall amounts 
primarily in Honduras, actual satellite imagery, 
show the greatest storm total rainfall amounts, 
as shown, to have occurred in the Chinandega-
Leon area of Nicaragua.  
 
The Crater Lake atop the dormant Casita 
volcano filled and part of the walls collapsed, 
causing mudflows that eventually covered an 
area ten miles long and five miles wide.  At 
least four villages were totally buried in the mud 
that was several feet deep.  Nearly 3000 lives 
were lost as a result of this one landslide. 
 
Damage was extensive from flooding in other parts of the country, too.  The infrastructure in the 
Mitch affected regions were devastated.    It is considered worse than damage caused in the 1972 
Managua earthquake. 
   
Mitch-produced rain and associated flooding destroyed many rainfall-recording instruments.  So 
even though Mitch was such a severe storm, there is limited to the known rainfall amounts and 
intensities. 
 
Contributing to the Devastating Effects:  Large 
amounts rain fell in the northwestern part of 
Nicaragua, even though, the center of the hurricane 
stayed in Honduras.  This occurred because the 
hurricane remained stationary north of Nicaragua 
for an extremely long time.  When this occurred, as 
shown, the spiral bands of the southwestern part of 
the hurricane, which carried most of the rain, stood 
over the Chinandega-Leon area.  
 
At the surface, as shown, the winds are rushing 
towards the center of a hurricane -- forcing air 
upwards at the center.  The coriolis force acts on 
these surface winds, and in the Northern 
Hemisphere, the deflection is to the right.  The 
convergence at the eye wall is so strong here that 
the air is being lifted faster and with more force here than any other location of the hurricane.  
Thus, the moisture transport from the ocean and subsequent latent heat production is maximized. 
This is how the counter clockwise motion of Hurricane Mitch sucked extreme moisture from the 
Pacific Ocean into Nicaragua. 



The mountainous topography of Nicaragua 
also contributed in the devastating effects 
produced by Mitch.  When air is confronted 
by a mountain, it is lifted up and over the 
mountain, cooling as it rises. If the air cools 
to its saturation point, the water vapor 
condenses and a cloud forms. The clouds 
developed in response to lifting forced by the 
topography of the earth are called 
"orographic clouds", which lead to 
precipitation. 
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The volcanic range in the southwestern part 
of Nicaragua is much lower in elevation 
compared to the mountainous region in the 
north central part of the country.  Taking into account the orographic effects by the volcanic 
peaks of Central America and Mitch’s slow movement we can understand the great amount of 
rain produced by this storm. Mitch’s feeder bands swirled into its center from both the Caribbean 
and the Pacific Ocean to its south.  As the spiral bands moved inward through the volcanic range, 
this orographic effect took place.  The system developed heavier rain clouds which later burst as 
they kept inside the northwestern part of the country due to a “boundary” set by the higher 
elevated mountainous region in the north central area of Nicaragua 
 
Precipitation:   Data on the precipitation resulting from Hurricane Mitch was accumulated from 
two sources.  Copies of the recording charts from precipitation gages in the Mitch affected area 
were obtained from the Institute of Nicaraguan Territorial Studies (INETER).  Much of the data 
from these charts is published in a Mitch storm report by INETER.  Some of the data was also 
available digitally from INETER.  The majority of the data was stored in daily format; therefore, 
any hourly distributions used were generally extracted (or interpolated) from photocopies of the 
actual gage charts. 
  
The actual data used in any analyses of such a major storm should be evaluated with caution.  
Many of the precipitation gages were not designed to measure rain of the magnitude and 
intensity of that produced by Hurricane Mitch.  The winds sustained during this event also affect 
the reliability of the data.  In most cases the actual amounts of rain measured are substantially 
less than what actually occurred.  
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A second source of precipitation information is from satellite imagery taken of the storm.  An 
accurate representation of how the stormed moved and where the most intense rainfall occurred 
can be determined from this information.  Estimates of the total daily amounts of rain that fell are 
also determined by NWS for each pixel on the images.  The following images indicate the most  
intense rainfall cell for each of the three days of the storm.  As shown, the greatest intensities of 
rain were concentrated in the Northwest region of Nicaragua, affecting mostly communities and 
villages of the Chinandega-Leon area 
 
In southern Honduras there was no rainfall between 0400 and 0900 on 29 October but as Mitch 
moved south into Nicaragua the effects of the tropical storm began to be felt.  When the rain 
began after 0900 on 29 October, it rained continuously for 61 hours until 2100 on 31 October.  
During this period the maximum recorded rainfall amount was 1217 mm at Chinandega.  Total 
three-day rainfall values of 1280 mm were “recorded” at Chinandega for the 72-hour period 29 
October to 31 October 1998.  A composite of the satellite imagery indicates a “maximum” 
rainfall cell with estimated total three-day rainfall values of 1753 mm.  The satellite imagery 
rainfall ranges from a high of 1753 mm to a low of 1245 mm for the 3-day totals over an area 
much larger than the Apanas watershed.  

 
PMS ANALYSIS 

 
Methodology: The accepted design standard for any large significant dam is the Probable 
Maximum Storm (PMS).  This is the largest magnitude, most critically intense rainfall- 
producing storm that can be reasonably assumed to occur over a region. The Probable Maximum 
Flood (PMF), which is the flood resulting from this storm, is typically more familiar in 
terminology. 
 
A PMS is primarily based on the maximum rainfall amounts and rainfall intensities possible in a 
particular region.  Many special PMS studies have been done by the National Weather Service 
(NWS) for the continental United States.  As a result of these studies, charts have been 
developed that provide estimates of maximum possible rainfall amounts for various time periods 
based on geographic location within  the United States.  Guidance has also been developed in 
how to distribute these maximum rainfall amounts over time.  These charts and guidance are 
contained within the NWS’s Hydrometeorological Reports (HMR) Number 51 and 52.  Such 
studies are extensive and cannot be done in a short time frame. 

No rainfall indices are available for Nicaragua or Central America.   A review of the actual 
Mitch rainfall indicates that total 3-day rainfall amounts likely exceeded the greatest indices 
contained within HMR 51.  Therefore, a comparison is made to determine if HMR 51 and 52 
indices and guidance are applicable in Nicaragua 

To develop a maximum HMR-51 PMS, the maximum rainfall indices within the United States 
were determined.  The maximum rainfall indices occur along the Gulf coast of the United States.  
The Corps of Engineers’ computer program HMR52 was utilized to develop the standardized 
storm.  The program is a computerized version of the procedures detailed in HMR-51 and 52.  
The primary use of the program is to develop an hourly distribution of rainfall that is critically 
centered over the watershed of the reservoir being analyzed.  The final rainfall values are 



sensitive to the magnitude and intensity of selected point rainfall amounts.  The aerial 
distribution of the rainfall is set by the concepts of the procedure. 

Comparison of Hurricane Mitch & Extreme Storms in U.S.: In developing a PMS for Lake 
Apanas in Nicaragua a comparison was made between the Hurricane Mitch storm and the worst-
case indexes for storms in the U.S.  Hourly rainfall data must be used to determine composite 
rain for the most intense time periods.  Chinandega in Nicaragua and Choluteca in Honduras are 
the only two hourly gages that recorded values near the center of the maximum rainfall for 
Mitch.  Daily rainfall data was extracted from the satellite imagery near the center of the storm. 

 

Comparison of Coastal U.S. HMR51-Rainfall Indexes (Inches) to 
Observed Hurricane Mitch Rainfall 
 6 12 24 48 72  
10 32 38.7 47.1 51.8 55.7  
200 24.6 31.2 39.5 44.3 48.8  
1000 18.2 24.9 33.2 37.7 41.3  
5000 10.1 15 21.9 26.6 30.7  
10000 7.6 11.8 17.6 22.5 26.5  
20000 5.6 9.2 13.6 18 22  
       
   27  54 69 SATELLITE 
  11.6 15 25.7 40.5 50.5 Chinandega 
  10 11.8 18.4 29.7 30 Choluteca 

 

The upper part of the above table contains the maximum rainfall amounts that can occur along 
coastal areas in the U.S. The intensities for specific durations are shown in the columns.  The 
rows indicate how the average intensities are reduced as the area of consideration is larger.  The 
rainfall values in the table are in inches and the areas are in square miles.  The values for 10 
square miles represent point rainfall amounts. 

The table values for Chinandega and Choluteca were based on searching their recorded rainfall 
data for the most intense concurrent rainfall for the hours shown. It can be seen that Chinandega 
exceeds the 200 square mile 72-hour totals and Choluteca exceeds the 5000 square mile 72-hour 
totals.  The satellite totals indicate both the 48-hour and the 72-hour point rainfalls are exceeded.  
There is no indication that the 6 or 12-hour point rainfall values were even approached, however, 
the 5000 square mile 24-hour area was exceeded at Chinandega. 

To check correlation between the satellite rainfall pixels and observed gaged rainfall the two are 
overlaid.  The HMR52 recommended standard isohyets for the PMS are also included.  The 
results, show both the Chinandega and Choluteca observed rainfalls are reasonably portrayed by 
the satellite imagery.  Several of the other gages are also representative.  As expected for a storm 
as intense as Mitch, many of the observed gage values are obviously low in relation to 
surrounding gages and satellite pixels.   

 



Comparison of PMS Isohyetals & 3-Day Mitch Totals: A comparison of PMS isohyetals to 
the colored pixels of the combined 3-day storm provide insight as to how severe the Mitch 
rainfall was in comparison to the PMS.  The oval shaped isohyets for a PMS represent storm 
cells of the size and magnitude shown. The isohyet area is shown in square miles times 100. 

 A B C D E F G H I J K L M N O P 
Isohyet Area  .1 .25 .5 1 1.7

5 
3 4.5 7 10 15 21 30 45 65 100 150 

PMS Rainfall 56 54 53 51 49 47 45 43 41 39 36 34 31 30 26 24 

Mitch Rainfall 69 62 55 54 53 52 51 50 49 48 47 46 45 42 35 33 

 

PMS Isohyet “P” is similar in size and shape to the cell containing the Choluteca rainfall.  
Isohyet “P” is 15,000 square miles in area and represents a “maximum” 72-hour rain of 24 
inches in the U.S.  The Mitch storm produced approximately 33 inches of rain over a similar area 
and period of time.  A similar comparison for the total 3-day storm cell representative of rainfall 
at Chinandega covers over 1500 square miles.  This corresponds to “J” cell for a PMF.  The “J”  
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cell has a maximum PMS rainfall of 39 inches where the Mitch storm produced 48 inches over 
the same area.  For point rainfall, the Mitch Storm produced over 62 inches compared with the 
Maximum PMF value contained within HMR51 being 56 inches. 

It should be noted that the values used in this comparison are based on spatial rainfall estimates 
from satellite imagery.  The actual rainfall is likely less or greater than computed.  However, the  
spatial distribution of the rain in combination with actual recorded amounts, field observations  
and flooding depths seem to substantiate that Hurricane Mitch produced a 3-day rainfall at least 
as great and likely greater than the theoretical worst storm possible based on HMR51 indices.   
 
The final issue to be resolved in developing a PMS is the determination of a proper antecedent 
event.  Guidance from the NWS suggests that 37 percent of the PMS should be used as the 
antecedent event.  This rainfall is then to be followed by a 5-day dry period.  This guidance is 
found to be directly applicable to the Mitch storm.  The total rainfall over the 8 days preceding 
Mitch was comparable to the 37 percent of the maximum 3-day rainfall. 

PMS Summary:  The comparison of Hurricane Mitch rainfall to the maximum rainfall possible 
within the continental United States revealed several interesting findings.  Primarily the 
magnitude and intensities of shorter duration events indicated in HMR 51 for the U.S. are much 
greater than the rains produced by Mitch.  However, for longer durations, Mitch produces rains 
often far in excess of those described in HMR 51.  This appears to be due to the fact that Mitch 
was stalled over Honduras and Nicaragua for three days with little loss in intensity 

A balanced storm approach is used to distribute a PMS.  Mitch cannot be considered a balanced 
storm based on the daily distribution of the rainfall.  The most intense and prolonged rainfall 
during tropical storm Mitch was for 41 hours between 1500 on 29 October and 0700 on 31 
October.   There were three distinct periods of extreme rainfall intensities.  The 6-hour intense 
rainfall period on 29 October is related to increasing offshore moisture and upslope flow from 
the south-west, as the larger cyclonic wind circulation related to Mitch started to move over land 
on the west coast.  The increasing west flow interacted with the topography, and enhanced 
convergence and rain on the west side of the mountain range.  The two later period of intense 
rain seem to be related to terrain-modified rain bands associated with the closest approach of the 
remains of the tropical storm.  The 6-hour intense period on 30 October is perhaps also related to 
enhanced southeast flow in a major rain band as the circulation center passed to the west.  In 
terms of impact, rainfall intensity is associated with landslide activity and erosion flooding, 
especially in small catchments.  It is therefore no coincidence that the worst landslide that 
occurred during Mitch occurred where the greatest rainfall fell. 
      
Therefore, for determining a worst possible flood condition it is necessary to evaluate both a 
HMR 51-52 produced PMS and a Mitch Storm.  In using an actual storm such as Mitch, an 
adjustment must be made to insure the moisture is theoretically maximized before it can be 
considered a “design storm” or “worst possible storm.”   Also, to determine a Design Storm for 
Mancotal Dam it is necessary to center both the Mitch Storm and the PMS over the Apanas 
Reservoir.  This requires the development of transposition coefficients.  Even though this would 
only require moving the storm less than 100 kilometers the change in elevation could potentially 
have dramatic effects on the storm values.  To receive assistance on how to properly transpose a 
PMS and to insure HMR procedures are applicable, the initial results of this study were reviewed 
by Mr. Louis Schreiner.  Mr. Schreiner is the principal author of HMR 51 and a renowned expert 



in hydrometeorology. A summation of Mr. Schreiner’s report states that the greater of a 
transposed in place Hurricane Mitch storm or a transposed in place PMS should be used as the 
Design Storm.  The total transposition adjustments that should be used to transpose the storms 
from just north of Leon to the centroid of the Apanas watershed should be 0.90 for the Mitch 
storm and 0.76 for the PMS. 
 

TRANSPOSED MITCH 
 

This storm is simply the rain from the storm that occurred over the Chinandega-Leon area 
transposed over the centroid of the Lake Apanas drainage basin.  This is essentially a “What if 
the Hurricane Mitch storm had centered slightly further to the East?” type scenario.  A graphical 
representation of Hurricane Mitch transposed over the Apanas watershed is shown in the 
following diagram.  
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Tropical storm Mitch dropped approximately 24 inches of rainfall over the drainage area above 
Mancotal Dam (Apanas reservoir).  A considerable amount of damage did occur to the project.  
The question becomes “could a 100 km movement in the storms isohyetal pattern to the east 
would have resulted in 55 inches of rainfall being dropped on the drainage area above Apanas 
reservoir?.”  The consequences associated with this happening would have been catastrophic. 
 
The development of the “Transposed Mitch” storm is 
fairly straightforward.  Using the daily satellite images of 
the storm (as shown previously), the three images were 
overlaid using GIS procedures and the value for each 
pixel of rain summed.  Using an image of the combined 
pixel information bounding lines were drawn around 
storm cells of similar magnitude. 
 
From the bounding lines, isohyetals are sketched to 
represent the storm as shown above.  Since the center 
isohyet is larger in area than the entire watershed above 
Mancotal Dam, the development of these storm isohyets is 
primarily for demonstration purposes. The only gaged 
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rainfall data available within the center rainfall cell is Chinandega.  The center cell represents the 
area were point values of rain over the 3-day period reached as high as 70 inches.  All pixels 
within this bounded area are best represented by 55 inches of rainfall.  The second isohyet 
represents the area of point rainfall up to 50 inches and bounds the area having 50 inches or 
greater rainfall amounts.  Other isohyetal were sketched using the same procedures. 
 
The Mitch storm center was transposed directly over Lake Apanas in order to calculate the 
transposed rainfall amounts.  The following methods were used to first maximize the moisture of 
the in place storm and then compute a transposition coefficient to transfer the storm over the  
Apanas watershed. 
 

TRANSPOSITION OF STORMS 
 

Moisture Maximization and Transposition Adjustments:  The following moisture and 
transposition adjustment procedures were made prior to the specific procedures provided by Mr. 
Schreiner.  They are based on adapting procedures provided in HMR51 (authored by Mr. 
Schreiner) to available data that was applicable to Nicaragua.  These procedures are slightly 
different than presented by Schreiner but provide similar results. 
 

Moisture Maximization:  This refers to increasing the rainfall that occurred in the actual storm 
to the highest amount possible for that location and season.  To maximize the moisture during for 
a storm, you need both a representative dew point at a location during the storm, and the 
maximum dew point ever recorded for that location at the same time of the year. 
 
Maximum Dew Point: Dew point is the temperature at which air becomes saturated when 
cooled before condensing.   Maximum Dew Point is the highest dew point observed for a 
specific location and time of year.  This is typically based on maximum 12-hr persisting dew 
points.  
 
Precipitable Water:  This is the depth of water vapor condensed into liquid in a column of air of 
unit cross section.  Based on the dew point, it is possible to determine the amount of 
“Precipitable Water below 13,000 meters for sea-level dew point” using the chart from Tech. 
Paper #14, U.S. Dept. of Commerce. 
 
Moisture Adjustment:  This adjustment is accomplished by multiplying observed rainfall by the 
moisture adjustment, which is the ratio of precipitable water for the maximum dew point to the 
storm dew point. The adjustment is taken from the expression: 
 
 P (wp Maximum/wp Storm) = moisture-adjusted rainfall 
 
Where:  P = observed rainfall, and wp = precipitable water where Maximum refers to enveloping 
highest observed wp and Storm refers to storm wp, both dew points being for the same location.  
 
To determine the moisture adjustment for Mitch, dew point data was researched for all relevant 
coastal areas.  The dew point data is converted to precipitable water using the graph in Tech. 
Paper #14.   



 
Transposition Adjustment:  This adjustment is the ratio between the maximum precipitable 
water that can occur for the in place storm to the maximum precipitable water that can occur at 
the location where the storm will be transposed. 

When a storm is transposed to a location of greatly different elevation (such as the case here), the 
adjustment must account for the barrier the storm must over come.  The barrier elevation for 
Apanas is an elevation of approximately 1000 meters MSL.  The elevation of Apanas is 
approximately 956 meters MSL.  Therefore, to determine a reasonable transposition adjustment 
to move Mitch over the Apanas watershed, dew point data for similar elevations were 
researched.   The dew point for Rio Verde, Mexico was the value determined to be a 
representative maximum sustainable dew point for the Apanas watershed. 

 

City/Station Elevation Max. Mean 
Dew Point 

Precipitable 
Water 

Adjustment 

Jinotega, Nicaragua 985 21 57.5 0.67 
Rio Verde, Mexico 990 23.89 75 0.87 
Hillsville, Virginia 834 22.5 65.2 0.76 
Cali/Alfonso Bonill, Colombia 969 22.44 65 0.76 
Tobias Bolanos, Costa Rica 994 21.61 60.8 0.71 

Total Adjustment:  The total adjustment applied to recorded Chinandega rainfall is the moisture 
adjustment times the transposition adjustment.  Dew point measurements are available at 
Chinandega and Jinotega.  Jinotega is located within the Apanas watershed but has only seven 
years of data.  The “in-place” storm at Chinandega is at Elevation 53 meters, while Jinotega is 
located at Elevation 985 meters. 

The moisture adjustment is based on a ratio of precipitable water at Chinandega to the maximum 
recorded in the region.  The maximum dew point for Chinandega occurred during Hurricane 
Mitch at 25.7°C, with a precipitable amount of water of 85 mm.   The maximum dew point found 
along the western coast of Central America is 27.8°C, with a precipitable water of 102 mm. 

  (wp Maximum/wp Storm) =  102/85= 1.2 
The transposition adjustment is based on moving the maximum moisture for the Mitch 
precipitation at a maximum dew point of 27.8°C, with a precipitable water of 102 mm to Apanas 
with a maximum dew point of 24°C and a precipitable water of 74 mm.  

  (wp max new site/wp max in place) =  74/102= 0.76 
The total adjustment factor to multiply the recorded precipitation at Chinandega by becomes: 

 (moisture adjustment  X  transposition adjustment) = 1.2 X 0.76 =  0.87 

 

Transposed Probable Maximum Flood (PMF):  Originally, it was thought that the 0.87 total 
transposition adjustment to be applicable to both the PMS and the Mitch storm.  However, the 
guidance provided by Schreiner indicates the PMS indices are already maximized for moisture 
by definition.  Therefore, the total adjustment to the PMS is 0.76 and the total adjustment for the 
Mitch storm is 0.87 based on above procedures.  The procedures and recommendations presented 



have been modified in accordance with the guidance and recommendations provided by Mr. 
Schreiner.  His assistance in this project and his continued support in the advancement of dam 
safety are appreciated. 

CONCLUSIONS/RESULTS 
The Design Storm is used to design the outlet works or spillway characteristics of a dam.  This 
storm should pass through the dam without causing failure of the intended functions of the dam.  
It should also not increase the possibility of death or major destruction downstream of the dam.  
It is often reasonable to allow minor functions of a dam to fail during the design storm as long as 
certain safety and functional criteria are still met.  An example of this at Mancotal Dam would be 
the fusible dikes that are presently installed.  The storm that would cause failure/operation of 
these minor safety features is often less than the Design Storm but should still require a rare 
storm event 
 
The Design Storm for Mancotal Dam tended to vary with the type of alternative being 
considered. Alternatives that involved gates tend to be controlled by volume.  The transposed 
Mitch Storm resulted in the greater volume.  However, since the storm consisted of three 
separate peaks, one for each day’s intense rainfall, the maximum peak inflow was less than the 
more critically arranged rainfall distribution of the transposed PMS.  The transposed PMS tended 
to result in a worse overtopping or failure condition due to a much sharper and higher magnitude 
peak inflow.  Therefore, it was necessary to consider each storm for all existing condition and 
alternative analyses for the Mancotal Dam Spillway Adequacy Study. 
 
References 
 
1. WMO 1986: “Manual for Estimation of Probable Maximum Precipitation”, Operational 
Hydrology Report No. 1, World Meteorological Organization, 1986. 
 
2. Weather Bureau 1951: ‘Tables of Precipitable Water”, Technical Paper 14, U.S. Department 
of Commerce, 1951. 
 
3. USAF 1983: “World Wide Sea-Surface Temperatures” Technical Note 83-001. Aerospace 
Sciences Division, 1983 
 
4. HMR 51: “PMP Estimates, U.S., East of the 105th Meridian, U.S. Department of Commerce, 
National Weather Service, 1978. 
 
5. HMR 52: “Application of PMP Estimates - U.S. East of the 105th Meridian”, U.S. Department 
of Commerce, National Weather Service, 1982. 
 
6. “Design Storm Moisture Maximization/Transposition Adjustments” by Mr. Lou Shreiner, U.S. 
Bureau of Reclamation, 2001 



HEC-GEORAS VERSION 3.1: 
GIS SUPPORT FOR HYDRAULIC MODELING AND ANALYSIS 

 
C. T. Ackerman, P.E., Hydraulic Engineer and 

G. W. Brunner, P.E., Senior Technical Hydraulic Engineer 
Hydrologic Engineering Center 
US Army Corps of Engineers 

609 Second St., Davis, CA 95616 
(530) 756-1104 

cameron.t.ackerman@usace.army.mil 
gary.w.brunner@usace.army.mil 

 

Abstract:  HEC-GeoRAS is an ArcView GIS extension specifically designed to process 
geospatial data for use with the Hydrologic Engineering Center’s River Analysis System 
(HEC-RAS).  The extension allows users to create an HEC-RAS import file containing 
geometric attribute data from an existing digital terrain model (DTM) and 
complementary data sets.  Water surface profile and cross-sectional velocity results 
exported from HEC-RAS can be processed into flood inundation maps and depth and 
velocity grids.  
 
Because GeoRAS provides consistent, automated methods for generating geometric data 
and delineating floodplains within the visual environment of a GIS, it is a beneficial tool 
for assisting engineers with hydraulic analysis of river systems.  The resulting data can be 
used for refining hydraulic analysis results; inundation mapping; flood damage analysis; 
evaluating ecosystem restoration alternatives; and flood warning, response, and 
preparedness. 
 
This paper discusses the development of GeoRAS, presents its capabilities, addresses 
example applications, and emphasizes the advantages of using GeoRAS to assist in 
hydraulic analysis. 
 

BACKGROUND 
 
The Hydrologic Engineering Center’s (HEC) work in spatial data and geographic 
information systems (GIS) for water resources dates to the mid 1970’s with the 
development of the Spatial Analysis Methodology (HEC-SAM).  Using the HEC-SAM 
system components, hydrologic and damage parameters could be derived for hydrologic 
modeling and flood damage analysis. The concepts of the HEC-SAM system and grid-
cell data bank approach for storing, manipulating, and analyzing spatial data (HEC, 
1978a; HEC, 1978b; HEC, 1985) remain similar today.  However, increased data 
availability and improved computational efficiency and visualization have led to a 
dramatic increase of digital geographic data for performing studies in water resources. 
 
Evidence to the improvements in GIS technology are the HEC-GeoRAS and HEC-
GeoHMS tools.  The GeoRAS and GeoHMS products resulted from efforts to develop 
GIS software to assist hydrologic engineers analyze water resource related problems 
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without requiring expert GIS skills.  Both tools originated from work done in the Arc 
Macro Language (AML) for command line scripting in ArcInfo and required significant 
GIS knowledge.  Interfaces were later added to improve usability for the engineering 
community.  In 1998, HEC entered into a Cooperative Research and Development 
Agreement (CRADA) with the Environmental Systems Research Institute, Inc. (ESRI) 
and the GIS methods developed for ArcInfo were implemented in ArcView GIS.   
 
The maiden version of GeoRAS, developed by HEC in 1997, was a group of ArcInfo 
macros that extracted geometric data from a series of line coverages and a TIN, formatted 
the data for HEC-RAS, and produced inundation maps.  Although written by HEC staff, 
the AMLs incorporated methods previously used at the University of Texas, Austin and 
Philadelphia District, US Army Corps of Engineers.  Using the scripts required a GIS 
technician to create the line coverages prior to using the AMLs.  In 1999, HEC-GeoRAS 
Version 1.0 (HEC, 1999) was completed when a user interface, designed specifically for 
hydraulic engineers having limited GIS knowledge, was added to the existing AMLs.  
Armed with little ArcInfo experience, the hydraulic engineer could now use the GIS to 
assist in data creation and mapping floodplains from computed water surface profile 
results. 
 
As ArcView GIS (ESRI, 1996) became widely used software, ESRI implemented the 
GeoRAS methods in the Avenue scripting language native to ArcView.  HEC-GeoRAS 
Version 3.0 was released in 2000.  With the specific GeoRAS menus, buttons, and tools 
(and GIS becoming a more customary desktop tool), hydraulic engineers now had the 
tools requisite for using the GIS to develop and refine hydraulic models in HEC-RAS. 
 
HEC-GeoRAS Version 3.1 (HEC, 2002a) improves upon the previous version by 
extending the geometric data import options to support HEC-RAS  (HEC, 2002b). 
  

INTRODUCTION 
 
HEC-GeoRAS is an ArcView GIS extension specifically designed to process geospatial 
data for use with the Hydrologic Engineering Center River Analysis System (HEC-RAS).  
The menus, buttons, and tools (see Figure 1) allow users with limited GIS experience to 
create an HEC-RAS import file containing geometric attribute data from an existing 
digital terrain model (DTM) and complementary data sets.  Water surface profile and 
velocity results exported from HEC-RAS can be processed into flood inundation maps 
and depth and velocity grids. 
 

Data processing menus 
Editing tools 

Processing buttons 

 
Figure 1.  HEC-GeoRAS extension loaded in ArcView GIS. 
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The methods available through the GeoRAS extension are intended to assist users with 
hydraulic model development and refinement.  Because data is represented visually 
through GIS displays, GeoRAS offers an additional method to HEC-RAS tables and plots 
for examining results.  Further, because data processing is automated, the iterative 
procedure of model inspection and refinement can be performed with relative ease. 
 
The HEC-GeoRAS extension runs on Windows 95/98/2000 platforms and requires 
ArcView GIS 3.2 and the 3D Analyst extension.  The Spatial Analyst extension is not 
required, but will improve the efficiency of floodplain delineation. 
 

TECHNICAL CAPABILITIES 
 
Spatially referenced geometric data is extracted from a digital terrain model (DTM) 
represented by a triangulated irregular network (TIN) and complementary data sets.  The 
collection of shapefile data sets is referred to as the RAS Themes.  Geometric data 
currently supported by HEC-GeoRAS Version 3.1 includes cross section locations, river 
stations, cross-sectional station-elevation data, bank station locations, downstream reach 
lengths, Manning’s n values, levee positions, ineffective flow locations, and storage area 
information. The geometric data is passed to HEC-RAS through a specifically formatted 
GIS data exchange file.   
 
Using the same GIS file format, water surface profile results and velocity data are 
exported to the GIS for import and processing by GeoRAS.  Floodplain boundaries, depth 
grids, and velocity grids are processed. 
 
Data Requirements:  HEC-GeoRAS requires a DTM in the ArcInfo TIN format.  The 
DTM must be a continuous surface that includes a detailed river channel and the 
floodplain to be modeled.  Because all cross-sectional data will be extracted from the 
DTM, only high-resolution DTMs should be considered for hydraulic modeling.  HEC-
RAS requires a single unit system for geometric data; therefore, unit systems in the 
horizontal and vertical directions should not be mixed.  
 
The primary purpose of the DTM is to derive elevation data for generating cross-
sectional geometry and for floodplain mapping purposes.  However, the terrain model 
dictates the development of complementary data sets.  Additional data such as aerial 
photography, contour lines, and land use data greatly assist the data development process. 
 
RAS Themes:  Geometric data for input into HEC-RAS is extracted from a collection of 
shapefile data sets termed RAS Themes.  These shapefiles may be imported from existing 
data or created using GeoRAS and the standard ArcView digitizing tools. Of the RAS 
Themes, only the Stream Centerline and Cross-Sectional Cut Lines themes are required. 
 
Stream Centerline:  The river and reach network is represented by the Stream 
Centerline theme.  Cross-sectional river stations are assigned based on the length along 
the centerline to the cross-sectional cut lines.  It may also be used to define the main 
channel reach lengths between the cross-sectional cut lines.   
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The network is created on a reach by reach basis, starting from the upstream end and 
working downstream following the channel thalweg.  Methods are provided in GeoRAS 
to identify that each river reach is comprised of a river and reach name and establish the 
connectivity of the river system.  An example attribute table for the Stream Centerline 
theme is shown in Figure 2. 
 

 
Figure 2.  Stream Centerline attribute table. 

 
Cross-Sectional Cut Lines:  The location, position, and extent of cross sections are 
represented by the Cross-Sectional Cut Lines theme.  For use with the one-dimensional 
HEC-RAS model, cross sections should be created perpendicular to the direction of flow.  
Example cut lines and stream alignment overlay contour lines in Figure 3. 
 

 
Figure 3.  Stream Centerline and Cross-Sectional Cut Lines are required data. 

The cut lines are primarily used to extract station-elevation data; however, the Cross-
Sectional Cut Lines theme is also used to derive additional attributes for each cross 
section based on its intersection with each RAS Theme.  As shown in Figure 4, each 
cross section contains a river and reach name; river station; left and right bank station 
position; and left overbank, channel, and right overbank reach lengths.  Additional cross-
sectional properties such as roughness coefficients, levee positions, and ineffective flow 
areas are stored in individual tables. 
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Figure 4.  Cross-Sectional Cut Lines attribute table. 

 
New to GeoRAS Version 3.1 is a cross section plotting tool.  The plotting tool provides 
user access to preview each cross section before the data is written to the RAS GIS 
Import File.  An interactive point locator tool is provided to identify points along the 
cross section profile in planar view.  This allows for identification of important ground 
surface features such as bank stations, roads, or levees.  The identification of bank 
stations is illustrated in Figure 5. 
 

 

 
Figure 5.  Identification of bank station locations using the XS Plot and Point Identify tools. 

 
Main Channel Banks:  The separation of flow in the main channel from the overbank 
areas is defined by the Main Channel Banks theme.  
 
Flow Path Centerlines:  The Flow Path Centerlines theme is used to identify the 
hydraulic flow path in the left overbank, main channel, and right overbank by identifying 
the center of mass of flow in each subdivision.  The flow paths are used to calculate the 
downstream reach length between each set of cross-sectional cut lines.  If the Stream 
Centerline theme already exists it can be used for the stream centerline for the flow path 
in the main channel. 
 
Manning’s n Values:  Roughness coefficients can be estimated along each cross-
sectional cut line from a land use theme.  GeoRAS provides the utility to summarize land 
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use data by field and enter a corresponding n value.  The intersection of each land use 
polygon with each cut line is then calculated. 
 
Levee Alignments:  The position and elevation of levee alignments may be extracted.  
The levee property is used to identify linear, connected, high ground locations that do not 
allow water to flow laterally into the floodplain.  This feature proves necessary to 

correctly model linear features 
adjacent to the floodplain. 
 
Levees that are not 
incorporated into the terrain 
model may also be c
Once a levee alignment has
been created, elevations alon
the levee line can be added to 
create a levee profile.  This 
allows for incorporating 
proposed levee into the river 
hydraulics model through the 

GIS.  Levee positions and elevations are then calculated from the levee profile, rathe
than the terrain model.  An example levee profile table with levee alignment is sh
Figure 6. 

onstructed.  
 

g 

a 

r 
own in 

Figure 6.  Levee elevations input at user-defined locations.

 
Ineffective Flow Areas:  Ineffective flow areas are used in HEC-RAS to identify 
portions of cross sections that do not actively convey water.  These ineffective areas are 
identified in the GIS through visual inspection of the terrain model at the approach and 
exit of bridges and culverts and in slack-water areas.  The Ineffective Flow Areas theme 
is created by digitizing polygons, such as those shown in Figure 7, at non-conveying 
areas.  The intersection of the cut lines and ineffective areas and corresponding trigger 
elevations are calculated using GeoRAS. 
 

 

Ineffective Areas 

Ineffective Areas 

 
Figure 7.  Ineffective flow areas at contraction and expansion cross sections. 
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Storage Areas:  Storage areas are used in unsteady-flow modeling to represent 
floodplain storage.  Storage areas must be connected to the main conveyance channel in 
HEC-RAS.  A storage area is represented by a polygon, as shown in Figure 8.  Elevation-
volume information is extracted for the area within the polygon.  
 
Weirs:  Lateral weirs are used to connect river reaches to storage areas or other river 
reaches (see Figure 8).  Elevation profile data can be extracted from the terrain model 
using the cross section plotting tool.  Using a spreadsheet, the data extracted for plotting 
the weir profile can be copied into the Weir/Embankment editor in HEC-RAS. 
 

Storage Area

Storage Area

Lateral Weirs

 
Figure 8.  Storage areas are connected to the main channel with lateral weirs in HEC-RAS. 

 
HEC-RAS GIS Data Import:  Geometric data extracted using GeoRAS is written to the 
RAS GIS Import File.  This ASCII file is formatted specifically for import to HEC-RAS.  
The exchange file is composed of records, keywords, and values.  Keywords identify file 
sections such as the Header, Stream Network, and Cross Sections as well as record 
values.  Records are similar to a grouping of items.  For instance, the keyword “BEGIN 
CROSS-SECTIONS:” indicates that the record of all “cross-sections” follow.  For each 
keyword “CROSS-SECTION:” the group of “cross-section” elements (for a particular 
cross section) follow.  An example data exchange file is shown in Figure 9. 
 

# RAS input file created on Mon Feb 04 16:28:23 2002 
# by ArcView extension HEC-GeoRAS Version 3.1  
 
BEGIN HEADER: 
  … 
  NUMBER OF REACHES: 3 
  NUMBER OF CROSS-SECTIONS: 173 
  UNITS: US CUSTOMARY 
  … 
END HEADER: 

 
BEGIN STREAM NETWORK: 
  ENDPOINT: 6453739.990, 2051684.780, 60.000, 1 
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  ENDPOINT: 6421540.450, 2051194.190, 34.000, 2 
  … 
  REACH: 
    STREAM ID: Baxter River 
    REACH ID: Upper 
    FROM POINT: 1 
    TO POINT: 2 
    CENTERLINE: 
      6453739.990, 2051684.780, 60.000, 89378.410 
      6453734.990, 2051687.280, 60.000, 89372.820 
      … 
  END: 
  … 
END STREAM NETWORK: 
BEGIN CROSS-SECTIONS: 
  CROSS-SECTION: 
    STREAM ID: Baxter River 
    REACH ID: Upper 
    STATION: 84815.687 
    BANK POSITIONS: 0.54172, 0.63137 
    REACH LENGTHS: 343.447, 815.245, 627.648 
    NVALUES: 
      0.00000, 0.055 
      0.52623, 0.035 
      … 
    LEVEE POSITIONS: 
      Levee1, 0.93260, 79.64 
    INEFFECTIVE POSITIONS: 
      Area1, 0.00000, 0.09315, 90.42 
    CUT LINE: 
      6451252.610, 2049658.481 
      6450473.975, 2050754.337 
      … 
    SURFACE LINE: 
      6451252.610, 2049658.481, 125.000 
      6451246.982, 2049666.402, 124.600 
      … 
  END: 
  … 
END CROSS-SECTIONS: 
 
BEGIN STORAGE AREAS: 
  SA ID: Northside 
  SURFACE LINE: 
    6402631.970, 2045430.520, 67.659 
    6402632.033, 2045432.710, 67.840 
    … 
  END: 
  ELEVATION-VOLUME: 
    63.300, 0.000 
    64.900, 497480.100 
    … 
  END: 
  … 
END STORAGE AREAS: 

Figure 9.  Sample GIS data exchange file format for import to HEC-RAS. 

  
Running HEC-RAS:  Geometric data is input to HEC-RAS by importing the RAS GIS 
Import File.  Despite efforts preparing data within the GIS, data must be scrutinized, 
edited, and completed within HEC-RAS.  The Graphical Cross Section Editor provides 
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excellent tools for viewing cross sections and editing bank station, ineffective flow, 
levee, and Manning’s n value data. 
 
After examining imported data, additional geometric data, hydraulic structures, flow data, 
and boundary conditions must be completed.  After simulating, HEC-RAS results should 
be carefully examined.  The bounding polygon calculated from the extents of cross 
sections, levees, floodways, and bridge and culvert openings is particularly important for 
producing inundation maps in the GIS. 
 
HEC-RAS GIS Data Export:  HEC-RAS water surface profile and velocity results are 
exported to the RAS GIS Export File.  This GIS exchange file format is similar to the 
RAS GIS Import File.  Water surface elevation and velocity data are exported at each 
cross section, for each water surface profile (steady flow) or time (unsteady flow) along 
with bounding polygon information for each river reach.  Additional geometric data may 
be exported from HEC-RAS.  An example RAS GIS Export File is shown in Figure 10. 
 

# RAS export file created on Wed 06Feb2002 13:38 
# by HEC-RAS Version 3.1.0 
 
BEGIN HEADER: 
  … 
  UNITS: US CUSTOMARY 
  NUMBER OF PROFILES:  1  
  PROFILE NAMES:  
    Max WS 
  NUMBER OF REACHES:  3  
  NUMBER OF CROSS-SECTIONS:  174  
END HEADER: 
 
BEGINSTREAMNETWORK: 
 
ENDPOINT: 6421540.50,2051194.25, , 1 
ENDPOINT: 6453739.99,2051684.78, , 2 
… 
 
REACH:  
  STREAM ID: Baxter River     
  REACH ID: Upper            
  FROM POINT:  1  
  TO POINT:  2  
  CENTERLINE: 
     6453739.99, 2051684.78, , 
     6453734.99, 2051687.28, , 
     … 
  END: 
ENDSTREAMNETWORK: 
 
BEGIN CROSS-SECTIONS: 
  CROSS-SECTION: 
    STREAM ID: Baxter River     
    REACH ID: Upper            
    STATION: 84815.68 
    CUT LINE: 
      6451252.61 , 2049658.481  
      6451246.982 , 2049666.40 
      … 
    WATER ELEVATION: 85.62056 
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    WATER SURFACE EXTENTS: 
      6450910.54, 2050139.91, 6450198.33, 2051031.82 
  END: 
  … 
END CROSS-SECTIONS: 
 
BEGIN BOUNDS: 
  PROFILE LIMITS: 
    PROFILE ID: Max WS 
    POLYGON: 
     6449753.02,2051480.10,85.62 
     6449764.48,2051468.56,85.62 
     … 
    … 
  END: 
END BOUNDS: 

Figure 10.  Sample GIS data exchange file format exported from HEC-RAS. 

 
Mapping HEC-RAS Results:  HEC-RAS water surface profile and velocity results are 
exported at every cross section to the RAS GIS Export File.  The other key item exported 
is the bounding polygon information.  The bounding polygon limits the floodplain 
delineation to the area modeled within HEC-RAS.  This is extremely important for 
excluding low-lying areas not connected to the river channel.  
 
Floodplain Delineation:  The floodplain delineation process builds a continuous water 
surface TIN by using the water surface elevations at each cross section.  Elevations are 
linearly interpolated between each cross section.  This water surface is then clipped by 
the bounding polygon information at levees and bridges and culverts that are not 
overtopped.  This results in a continuous water surface representing the limits of the river 
hydraulics model in HEC-RAS. 
 
The boundary of the water surface and land surface is computed on a gridded basis.  A 
user-specified grid-cell size is used to rasterize the water surface TIN and terrain TIN.  If 
water surface elevation data for storage areas is present, constant elevations within the 
storage area bounds are added to the water surface grid.  The difference in water 
elevations and ground elevations is then calculated from the respective elevation grids to 
find the inundation depth within the floodplain.  The floodplain extent is then derived by 
finding the edge of the depth grid through raster to vector conversion. 
 
Examination of water surface profile results should first be performed using the tables 
and plotting tools available in HEC-RAS.  Analysis of the bounding polygon information 
within RAS should not be forgotten.  At this point, visual inspection of RAS results 
within the GIS is performed using floodplain polygon shapefiles.  The perspective 
offered by the GIS allows for easy identification of problem areas.   For example, 
examination of the floodplain, shown in Figure 11, indicates several inundated areas that 
appear isolated from the river channel.   
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Figure 11.  Isolated inundation areas identified during floodplain delineation. 

 
Inspection of the terrain model indicates that high ground separates these areas from the 
immediate floodplain and, therefore, should not be inundated.  Using the cross section 
plotting tool point locator tool, high points are identified at each cross section and a levee 
line is created to limit the overbank flow.  The levee data is then extracted using GeoRAS 
and added to the HEC-RAS model.  The water surface profile is recomputed and 
exported to the GIS resulting in the refined floodplain, shown in Figure 12. 
 

 
Figure 12.  Floodplain delineation after hydraulic model refinement. 

 
FUTURE DEVELOPMENT 

 
HEC-GeoRAS 3.1 is the final major release for the ArcView 3.x GIS software.  
Currently, efforts are focused on developing GeoRAS functionality in Visual Basic for 
ArcGIS 8.x.  ArcGIS is the successor to the current ArcView GIS and ArcInfo GIS 
software.  The ArcGIS version of GeoRAS will have new methods, an improved 
interface, and additional data import/export capabilities.   
 
HEC is also developing improved floodplain delineation techniques to correctly map 
areas inundated due to backwater and methods for merging river channel data with 
floodplain terrain. 
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CONCLUSIONS 

 
HEC-GeoRAS provides tools for creating geometric data and analyzing hydraulic model 
results within ArcView GIS.  The visualization and automated data processing offered by 
a GIS allows hydraulic engineers to easily identify and resolve problem areas within an 
HEC-RAS model.  This leads to an iterative process of data development, inspection, and 
refinement to produce an accurate hydraulic model.   
 
While the GIS data exchange file provides a link between the GIS and hydraulic 
modeling, it is noteworthy that the exchange file is an evolving format.  As new methods 
are developed in GeoRAS for ArcGIS, the format will change to allow data transfer 
between HEC-RAS and the GIS.  
 

REFERENCES 
 
ESRI, 1996. ArcView GIS: Using ArcView GIS, Environmental Research Institute, Inc., 

Redlands, CA 
 
HEC, 1978a.  Flood Damage Assesments using Spatial Data Management Techniques, 

Technical Paper No.57, Hydrologic Engineering Center, U.S. Army Corps of 
Engineers, Davis, CA. 

 
HEC, 1978b.  Guide Manual for the Creation of Grid Cell Data Banks, Hydrologic 

Engineering Center, U.S. Army Corps of Engineers, Davis, CA.  
 
HEC, 1985.  A Tutorial on Creating a Grid Cell Land Cover Data File from Remote 

Sensing Data, Training Document No.22, Hydrologic Engineering Center, U.S. Army 
Corps of Engineers, Davis, CA. 

 
HEC, 1999. HEC-GeoRAS (Version 1.0), An Application for support of HEC-RAS using 

ArcInfo, User’s Manual, CPD-75, Hydrologic Engineering Center, U.S. Army Corps 
of Engineers, Davis, CA. 

 
HEC, 2002a. HEC-GeoRAS (Version 3.1), An extension for support of HEC-RAS using 

ArcView, User’s Manual, CPD-76, Hydrologic Engineering Center, U.S. Army 
Corps of Engineers, Davis, CA. 

 
HEC, 2002b. HEC-RAS (Version 3.1), River Analysis System, User’s Manual, 

Hydrologic Engineering Center, U.S. Army Corps of Engineers, Davis, CA. 
 
 
 

12 



FLDVIEW: THE NWS FLOOD FORECAST MAPPING APPLICATION 
 

Neftali Cajina, Janice Sylvestre, Edward Henderson, Michael Logan, Michael Richardson 
Hydrology Laboratory, Office of Hydrologic Development,  

National Weather Service, NOAA 
Silver Spring, Maryland 

 
 

INTRODUCTION 
 
The National Weather Service (NWS) is responsible for providing river forecasts of our Nation’s 
streams. After it has been determined that a flood event is eminent, additional useful information 
flood forecasters can provide is the expected aerial extent of flooding.  This type of information 
helps emergency managers and the general public focus attention on the most appropriate areas.  
Currently, information about the areas expected to flood is part of a flood forecast, but the 
information on the extent of flooding is often coarse (i.e. county or regional-scale), and it may be 
given in a text format.  With the proliferation of computers, the general public has been tuned to 
expect and better understand visual images.  The time has arrived for river forecasters to produce 
graphical information showing the areas that may flood.   
 
 The NWS flood forecast mapping application (FLDVIEW) is developed to produce maps 
of the expected aerial extent of flooding in an operational setting where timeliness is as 
important as accuracy.  FLDVIEW has been developed using the Environmental Systems 
Research Institute’s (ESRI’s) ArcView 3.1* software along with the Spatial Analyst* and 3-D 
Analyst* extensions.  It uses custom scripts written in Avenue, ArcView’s scripting language, to 
produce a map of the inundated area in both raster and vector formats.  This paper describes the 
capabilities of FLDVIEW and its application on the Juniata River in the vicinity of Lewistown, 
PA. 

 
OVERVIEW OF FLDVIEW 

 
 The flood raster is a hydraulic representation of the water surface in a specified area.  It 
represents the extent of flooding due to unsteady flow, backwater from tributaries or man-made 
structures (e.g., dams, bridges, levees) and levee overtopping/ failure.  FLDVIEW, a geographic 
information system (GIS) application, takes advantage of the increased availability in digital-
spatial data and the relative ease in using current, off-the-shelf GIS software.  The development 
of the flood raster in FLDVIEW involves three activities: (1) processing the GIS data to obtain a 
water surface grid; (2) processing the hydraulic data to obtain a water surface grid; and (3) 
generating the flood raster from the ground and water surface grids.  The processes have been 
automated so the user is not required to have extensive knowledge of GIS or ArcView and so 
that the raster may be generated in a timely manner.  The flood raster display within FLDVIEW 
makes the development of the flood raster more user-friendly.  After the ground grid has been 
created, multiple flood rasters may be generated as often as a forecast is made. 
 
                                                 
* Specific reference to various software packages provided by a commercial vendor does not imply official 
endorsement by the National Weather Service. 
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Ground Grid:  To create a flood raster, a ground surface must first be generated in grid format 
using digital terrain models (DTM).  Although FLDVIEW is not dependent on the type of DTM 
data used, the quality of the flood raster generated by FLDVIEW is directly related to the quality 
(resolution) of the DTM.  For example, high resolution DEM (digital elevation model) from 
LIDAR (Light Detection and Radar) data will provide a more accurate ground grid than one 
using 7.5' topographic maps.  If infrastructure data is available in the DTM, it may be extracted 
and made part of the ground grid.  The river centerline and river bottom are also necessary to 
complete the ground grid.  This data allows FLDVIEW to map below the lowest measured water 
surface.  The latitude/ longitude of the starting and ending points of the routing reach are needed 
to determine the extent of the map.   To prevent mapping beyond the extent of DTM, a base map 
is generated.  After processing the land surface, structure and river bottom data, their results are 
combined to produce the ground grid.  The ground grid is created once.   

 
The current version of FLDVIEW can import an existing USGS DEM and convert it to a grid, or 
create a grid from contour lines in AutoCAD's DXF or ArcView’s shapefile file formats.  
Although FLDVIEW will automatically process this data, other data types must be processed 
manually.  The U.S. Geological Survey (USGS) DEMs are available for free on the Internet as 
part of the National Elevation Dataset (NED), but currently the finest resolution available 
nationally is 30 meters.  As will be shown later, this resolution is not sufficient for producing 
flood forecast maps in most areas.  In contrast, the AutoCAD DXFs or ArcView shape files are 
likely to produce more accurate maps, but are not freely available and must be acquired before 
using FLDVIEW.  River centerline data is also available for free on the Internet through the 
National Hydrography Dataset (NHD) website.  The NHD covers most of the country and is the 
result of an effort by the Environmental Protection Agency (EPA) and the USGS to merge EPA 
Reach File Version 3 (RF3) and the hydrologic features on the USGS topographic maps.  
FLDVIEW is currently automated to use this type of data, but it also allows for other ways of 
specifying a river centerline (e.g., importing it from another source or manually drawing it). 

 
Water Surface Grid:  The water surface grid is generated using the water surface and 
corresponding channel top width at specified locations along the routing reach and the river 
centerline.  Two-dimensional cross-sections are placed perpendicular to the centerline and extend 
into the flood plain to a distance equal to the water surface top width on both sides of the 
centerline.  Usually, additional points are needed in the water surface profile to improve the 
accuracy of the water surface grid.  The water elevation and top widths for these extra locations 
are linearly interpolated from the known cross sections.  Depending on the sinuosity of the river, 
the cross-sections may overlap. To prevent this, the cross-section widths are reduced (clipped) by 
giving upstream ones precedence, but only for a limited distance downstream.  Once the cross-
sections have been clipped, a bounding polygon is automatically created by tracing a continuous 
line through all the cross-section endpoints and then is converted to a grid.  The water surface 
elevations are extended perpendicularly away from the river until they intersect the ground; the 
intersections are connected to form inundation polygons and then converted to a grid.  The final 
water surface grid is the intersection of these two grids. 

 
Although the water surface profile may come from any source (e.g. hydrologic/hydraulic models, 
high water marks, empirical methods), the quality of the water surface grid is highly dependent 
upon the quality of the water surface profile. Although simpler methods may be adequate for 
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some situations, many river systems require an unsteady-flow hydraulic model to account for the 
dynamic effects in the river system.  The NWS can generate a deterministic river forecast (water 
surface profile of the peak condition during the forecast period) or a probabilistic forecast 
(several water surface profiles with each containing a different probability associated with the 
forecast points).  Currently the NWS FLDWAV (Fread and Lewis, 1988) dynamic routing model 
is used to generate either the deterministic or probabilistic water surface profiles and export all of 
the data necessary to run FLDVIEW.  This file identifies the user-defined upstream, downstream 
and intermediate cross-section locations along with their associated water surface elevations and 
top widths.  In the event of levee overtopping, additional sets of water surface elevations and top 
widths are exported to represent the conditions on the town-side of the levee. 
 
Flood Forecast Map: The flood forecast map is generated by subtracting the ground grid from 
the water surface grid.  The resultant grid represents the extent of flooding.   Once the ground 
grid has been generated, multiple flood forecast maps can be generated automatically as often as 
flood forecasts are made.  These maps are in shapefile format and can be overlaid with other 
layers (e.g. orthophoto images, tiger maps, etc.). 

 
CASE STUDY 

 
FLDVIEW is applied to the Juniata River in Lewistown, Pennsylvania as part of a cooperative 
project with the Susquehanna River Basin Commission.  Data in AutoCAD’s DXF format has 
been obtained from SEDA-COG (SEDA-Council of Governments) through the Susquehanna 
River Basin Commission (SRBC).  This data contains contour elevations with 15 cm RMSE 
(Root-Mean-Squared Error) vertical and 1 m RMSE horizontal) as well as information about the 
structures (bridges) in the area.  In addition, orthophoto images at the same resolution were 
supplied along with four high water marks for February 15, 1984.   
 
The NWS FLDWAV model has been calibrated for the Juniata River from Lewistown, PA to 
Newport, PA using data from the January 11-20, 1996 flood event.  Inflows from the 1984 flood 
event have been generated using the NWS River Forecast System (NWSRFS) and are used as 
input to FLDWAV.  A deterministic water 
surface profile for February 15 is generated and 
mapped using FLDVIEW. Figure 1 shows the 
flood map generated by FLDVIEW overlaid on 
the orthophoto image and the high water marks.  
As shown, FLDVIEW does a reasonable job of 
matching the high water marks. 
 
To determine the sensitivity to the ground grid’s 
cell resolution, the flood map using the 
AutoCAD data is compared to the flood map 
generated using the USGS 7.5' DEM with an 
accuracy of 30 m x 30 m horizontal and 7-15 m 
vertical.  The 30 m resolution grid is derived 
from a 30 m DEM of the Lewistown, PA area 
downloaded from the USGS website.  Figure 2 

Figure 1 - 1984 Flood with known high water marks.
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shows that the flood map generated using the USGS data is significantly less accurate than the 
flood map generated using the AutoCAD data.  It is also noted that the flood map could not 
adequately move up the tributary.  The error is due primarily to the large contour interval (~6 m 
vs. ~0.6 m).  The peak water surface profile 1996 flood event is also mapped and similar results 
are shown in Figure 3. 

Figure 3 – Flood map comparing USGS data and 
AutoCAD data (1996 Flood). 

Figure 2 – Flood map comparing USGS data and 
AutoCAD data (1984 Flood). 

 
SUMMARY 

 
The NWS flood forecast mapping application  (FLDVIEW) has been developed to show the 
extent of flooding.  Given an appropriate DTM, a water surface profile, and the river centerline, 
FLDVIEW will generate a flood forecast raster in shapefile format, which can be overlaid with 
other information (e.g., orthophoto images, tiger maps, etc.).  FLDVIEW can generate either a 
deterministic (instantaneous or peak condition) or probabilistic flood map.  Multiple flood 
forecast maps may be generated as often as a river forecast is made.  When applied to data for 
the Lewistown, PA area, the flood map generated by FLDVIEW compares well with the high 
water marks taken on February 15, 1984 when using the high resolution data.  It has also been 
shown that the resolution of USGS 30 m DEM is not adequate to generate a reasonable flood 
map for either the 1984 or 1996 event. 
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IMPLEMENTATION OF A REAL-TIME FLOOD MAPPING SYSTEM IN HONDURAS 
 
Gerald N. Day, Michael Thiemann, Shaun K. Carney, James K. Burrell, Water Resources 
Engineers, Riverside Technology, inc., Fort Collins, Colorado 
 

INTRODUCTION 
 
In October of 1998, Hurricane Mitch struck Central America.  It was the deadliest Atlantic 
Hurricane since 1780 (Lott, et al., 1999).  More than 9,000 people were estimated killed, and a 
similar number were listed as missing.  The heaviest rainfall amounts were estimated between 50 
and 75 inches over a six-day period.  The rainfall produced extreme flooding and catastrophic 
landslides.  The region’s infrastructure was devastated and direct and indirect damages were 
estimated in the range of $7.5 to $8.5 billion (U.S. Agency for International Development, 1999).  
Honduras and Nicaragua were the hardest hit countries, but El Salvador, Guatemala, Mexico, 
Costa Rica, Belize, Jamaica, and Panama were impacted as well.  
 
As part of the Hurricane Mitch Reconstruction efforts, the U.S. Agency for International 
Development (USAID) funded a National Oceanic and Atmospheric Administration (NOAA) 
project to develop and implement a flood forecasting system in Honduras.  The effort to develop 
and implement the flood forecasting system serves to help the advancement of flood warning 
capabilities, public safety, and water resources management in Honduras. The project was a 
cooperative effort between NOAA, its contractors, and government agencies in Honduras: 
Secretaria de Recursos Naturales y Ambiente (SERNA), Comision Permanente de Contingencias 
(COPECO), and Servicio Meteorologico Nacional (SMN). The project was closely coordinated 
with efforts of the U.S. Geological Survey (USGS) in Honduras to install data collection 
platforms (DCP’s) at remote sites to monitor precipitation and streamflow. 
 
NOAA’s contractors included Northrop Grumman, Riverside Technology, inc. (RTi), and 
Sutron.  Northrop Grumman was responsible for overall project management, coordination, and 
design and installation of the Wide Area Network connecting the three Honduran agencies: 
SERNA, COPECO, and SMN.  RTi was responsible for hydrometeorological data analysis, 
hydrologic model calibration, and forecast system installation and training.  Sutron was 
responsible for reinstalling a satellite dish and a digital direct readout ground station (DDRGS), 
as well as installation of DCP’s to collect rainfall data to support the forecasting system and 
meteorological stations to collect climate data.   
 
The forecasting system was implemented in the Río Choluteca as well as the Upper Río Aguan.  
As shown in Figure 1, the Río Aguan is located in the northern part of the country and drains 
into the Caribbean Sea.  The Río Choluteca flows north through the capital city of Tegucigalpa, 
but then turns south and drains into the Pacific Ocean.  The system collects 15-minute rainfall 
and streamflow data from stations in and near the basins.  RTi’s RiverTrakTM application is used 
to process these data to produce forecasts at key points in the basins.  RiverTrakTM, which runs 
under Microsoft Windows, provides summaries of recent rainfall and streamflow observations as 
well as hydrograph displays that show observed and forecasted streamflow.  The system runs 
automatically, but allows the user to edit bad data values and to enter quantitative precipitation 
forecasts (QPF), if they are available.  The system was installed at SERNA and COPECO 
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Figure 1.  Basin Location Map 

offices.  The forecasting system provides the information needed by SERNA and COPECO to 
produce data and forecast products that can be used to warn the public as well as to support 
operating agencies such as Servicio Autonomo Nacional de Acueductos y Alcantarillados 
(SANAA). 
 
Because of the importance of forecast information for Tegucigalpa and the availability of 
detailed Digital Elevation Model (DEM) data from the USGS, NOAA contracted RTi to develop 
a system to produce real-time flood inundation maps for the Río Choluteca in Tegucigalpa.  As 
part of the Hurricane Mitch Reconstruction Program, the USGS developed flood risk maps for 
the major municipalities in Honduras subject to flooding.  LIDAR data were collected and used 
to develop a detailed DEM for Tegucigalpa.  The USGS used these data along with field survey 
data to develop a steady-state hydraulic model in HEC-RAS.  The HEC-RAS model was then 
used to develop an estimate of the 50-year flood plain.  RTi incorporated the HEC-RAS model of 
the Río Choluteca into its real-time forecasting system in Honduras.  The forecasting system has 
been coupled with the NOAA FldView application to produce flood inundation maps of 
Tegucigalpa.  A flood inundation map can be produced every fifteen minutes based on observed 
and forecast conditions from the forecast system.  These maps are immediately available to 
COPECO for use in emergency management.  This paper describes how the efforts and 
technologies of U.S. agencies were used in building this real-time forecasting system. 
 

SYSTEM OVERVIEW 
 
The major components to the real-time flood inundation mapping system for the Río Choluteca 
are shown in Figure 2. 
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Figure 2.  Flood Mapping System Components 
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Data Collection:  The real-time data collection network of the Río Choluteca flood forecasting 
system consists of 16 stations in and around the Río Choluteca watershed.  Six of these stations 
are streamgage/precipitation stations installed by the USGS.  Nine of these stations are 
precipitation stations installed by NOAA.  The basin boundaries and the locations of the real-
time stations are shown in Figure 3.  The data recorded by these stations are transmitted via the 
GOES satellite to the DDRGS located at the SMN office in the Toncontin International Airport 
at Tegucigalpa.  Data are transmitted at three-hour timed intervals; however, in periods of heavy 
rainfall or rapidly rising stages, data are transmitted via random reports.  The DDRGS decodes 
satellite transmissions and feeds them into Sutron’s PCBase2 data collection base-station 
software, which stores the data and codes it into Standard Hydrologic Exchange Format (SHEF) 
files.  Operators at the SMN office can view the incoming data as warranted. 
 
Data Exchange:  The SHEF files written at SMN are available to the RiverTrak™ systems at 
SERNA and COPECO via a Wide Area Network installed as part of the NOAA activities.  This 
network connects the SMN, SERNA, and COPECO offices via digital data lines, which are 
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Figure 3.  Rio Choluteca Real-Time Data Network

maintained by the national phone company, HONDUTEL.  A server computer located at 
SERNA controls the data flow. 
 
Flood Forecasting:  SERNA and COPECO maintain separate RiverTrak™ installations, which 
independently and automatically ingest precipitation and stage observations when available.  
RiverTrak™ decodes the SHEF files and  ingests the data into its database.  Precipitation 
accumulations are transformed to precipitation increments and discharge values are computed for 
river gages using rating tables developed by the USGS for the new stations.  All data are 
processed into 15-minute intervals.  These data are subsequently used to estimate mean areal 
precipitation over the sub-basins and generate updated forecast hydrographs for 11 forecast 
points every 15 minutes.  RiverTrak™  allows hydrologists at SERNA and COPECO to edit 
questionable data and enter precipitation forecasts in order to produce more accurate forecasts. 
 
Flood Inundation Mapping:  At COPECO, RiverTrak™ is also utilized to compute water 
surface elevations for the Río Choluteca in Tegucigalpa.  The steady-state flow module, HEC-
RAS, has been incorporated into RiverTrak™ as a model, which can be used with real-time data.  
Each forecast execution, the HEC-RAS module is used to compute a backwater analysis for both 
current and forecasted conditions upstream of the Sagastume gage, just north of Tegucigalpa.  
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The analysis assumes normal flow conditions for the rated discharge at Sagastume as a 
downstream boundary condition and projected discharges at four additional locations upstream.  
The resulting water surface elevations for each cross-section are processed by NOAA’s FldView 
application.  FldView is an ArcView extension that creates a water surface and intersects it with 
the terrain to produce flood inundation polygons.  The areas inundated by flood waters can be 
shown as overlays on orthophotos or shaded relief maps to provide more detailed flood impact 
information to emergency management personnel. 
 

HYDROLOGIC MODEL DEVELOPMENT 
 
The hydrologic forecasting element of this implementation was critical to provide real-time flood 
forecasting capabilities at numerous sites along the Choluteca and Aguan Rivers.  The ability to 
produce reliable streamflow forecasts is largely dependent upon the models implemented and the 
parameters utilized for the various hydrologic models.  
 
The Sacramento Soil Moisture Accounting (SAC-SMA) model is a continuous model that tracks 
the state of the soil moisture in numerous zones.  This model can be conceptualized as a series of 
reservoirs with varying rates of discharge and flow between the reservoirs.  The model attempts 
to capture the predominant processes involved in the changes in soil moisture and the runoff 
process.  In the Choluteca and Aguan basins, the SAC-SMA model was used in conjunction with 
a unit hydrograph model, in order to translate a depth of runoff over a basin into an outflow 
hydrograph at the basin outlet.  In addition, a Lag and K channel routing model was used to 
model the translation and attenuation of flows as water moves downstream.   
 
The hydrologic models can be calibrated and run on a variety of time intervals depending upon 
data availability.  The only required real-time model inputs are precipitation and streamflow.  
Because of the recent installation of USGS and NWS precipitation and streamflow gages 
throughout the Choluteca and Aguan basins, the hydrologic models were implemented on a 15-
minute time interval.  Less than two years of data were collected for the new stations at the time 
of the implementation of the system.  The calibration of the system, therefore, relied on both the 
available long-term historic precipitation and streamflow data, which extended from the mid-
1960’s through the late 1990’s, as well as the shorter period of short-interval data.  Historically, 
precipitation and streamflow data were only collected on a daily time interval.  In addition, the 
historic data network differs significantly from the real-time network.  In the Choluteca basin 
there were approximately 40 historic precipitation stations, while in the real-time network, only 
16 stations are available.  Although fewer stations are available in the real-time implementation, 
data are collected on a shorter time interval.  In order to develop appropriate model parameters, 
the historic data network was utilized to initially calibrate the various models.  After completing 
the data analysis and calibration work utilizing the historic data, the short-interval data from the 
real-time network were used to verify and refine model parameters.  
 
In order to calibrate the models using the historic data, consistent data were necessary.  
Numerous data analysis steps were completed to identify and remove questionable precipitation, 
evaporation, and streamflow data.  Double mass plots were utilized to analyze long-term trends 
of the precipitation stations.  Inconsistencies in the long-term trends were dealt with 
appropriately through the use of correction factors.  A water mass balance, using long-term 
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precipitation, evaporation, and streamflow averages, was used to provide an additional means of 
understanding the hydrologic characteristics of the basins and identify erroneous data.  By 
completing these data analysis steps, noise in the data was reduced, allowing more accurate 
identification of model parameters. 
 
Although precipitation data were collected at stations throughout the region, areal estimates of 
precipitation are required as input to the SAC-SMA model.  For each sub-basin in the system, 
station observations were weighted to convert point precipitation data into mean areal 
precipitation (MAP) over a sub-basin.  An annual isohyetal map was previously developed and 
digitized by local hydrometeorologists for the entire country of Honduras to create an annual 
precipitation grid.  The long-term means of the available historic precipitation stations were used 
to adjust this grid to represent the period of record for which the calibration was completed.  This 
adjusted precipitation grid was then used to develop station weights, which took into account the 
spatial distribution of precipitation represented in the adjusted precipitation grid.  These station 
weights were used to calculate MAP time series.  The adjusted precipitation grid was also used 
to determine long-term precipitation characteristics for the newly installed precipitation stations.  
 
The short-interval streamflow data were used to develop routing parameters for the stretches of 
river between forecast points.  High quality short-interval streamflow data were not available at 
every site in the system.  In addition, there were numerous sites where no streamflow 
observations were available.  Routing parameters were determined between locations where 
good streamflow measurements were available.  Basic reach characteristics, such as reach length 
and slope, were then used to estimate the routing parameters for the reaches where streamflow 
data were unavailable. 
 
Unit hydrographs were developed for basins where short-interval streamflow and precipitation 
data could be used to identify rainfall excess and runoff relationships.  Synthetic unit 
hydrographs developed from the gaged basins were then used to develop unit hydrographs for 
the ungaged basins in the system, utilizing basin characteristics.  
 
The historic data network was used to initially calibrate the SAC-SMA hydrologic model.  After 
this historic calibration was completed, the model parameters were implemented for the sub-
basins being modeled in the real-time system.  The available short-interval data were then used 
to verify and refine model parameters for the entire system.  Many of the SAC-SMA parameters 
can be identified using daily data; however, some of the parameters, which impact fast response 
model components, are difficult to identify with daily data.  These parameters were adjusted 
using the short-interval data. 
 
Calibration of the hydrologic models thus utilized both the daily historic data and the short-
interval data to develop a reliable forecasting system. 
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HYDRAULIC MODEL DEVELOPMENT 
 
The flood mapping system for Tegucigalpa operates by using normal flow conditions for the 
rated discharge at Sagastume as a downstream hydraulic boundary condition, and projected 
discharges at four additional locations upstream.  These values, both current and forecasted, are 
utilized by the HEC-RAS hydraulic module within RiverTrakTM  to determine water surface 
elevations along the Río Choluteca.   
 
In order to implement the flood mapping system for Tegucigalpa, an HEC-RAS model had to be 
developed for the river segments of interest.  The model was initially developed by the USGS, 
using field data and a Digital Elevation Model (DEM) to develop a numerical geometric 
representation of the stream channels and overbank areas.  The extent of coverage includes a 
portion of the Río Guacerique downstream of Los Laureles Dam, the lower portion of the Río 
Chiquito, and approximately 10-km of the Río Choluteca through Tegucigalpa.  The DEM was 
created from remotely-sensed LIDAR data, and ArcView Geographic Information System (GIS) 
tools were then used to translate these land surface data (including streets and buildings) into a 
geometric file format suitable for HEC-RAS use.  Data for additional hydraulic features such as 
bridges and levees were manually added to the geometric database from available field data.  
After successfully developing geometric inputs for the stream network, the USGS ran the HEC-
RAS model for a predetermined 50-year recurrence interval flow.  Following completion of this 
task, the model was provided to RTi for further development and incorporation into the flood 
mapping system. 
 
RTi's primary objective was to test the HEC-RAS model over a wide range of potential flows, 
and then integrate the model as a module into the flood mapping system to produce real-time 
flood inundation maps and forecasts.  In preparation for additional HEC-RAS testing, RTi staff 
reviewed the existing hydraulic model and familiarized themselves with the stream network and 
existing data for historical flow events in the region. 
 
RTi reviewed the relevant USGS flow data and other Hurricane Mitch event information as 
presented in USGS reports and Internet websites.  In addition, other documents related to 
Hurricane Mitch were reviewed.  These included an interim report "The Study on Flood Control 
and Landslide Prevention in Tegucigalpa Metropolitan Area of the Republic of Honduras" 
(Japanese International Cooperation Agency (JICA), 2001), an Empresa Nacional de Energía 
Eléctrica (ENEE) report on Hurricane Mitch (1999), and accompanying figures, tables, and 
maps.  RTi compared flow determinations, high-water observations, and HEC-RAS input 
geometry with information from these documents.  The USGS estimated flows for Hurricane 
Mitch were used as inputs for the high-flow tests of the HEC-RAS module. 
 
RTi tested a variety of flows with the existing geometry file.  The adequacy of cross-section 
(overbank) extent and the main channel profile were checked to ensure reasonable outputs for 
extreme high and low flows.  Cross-sections and GIS cut lines were then modified as needed to 
contain high flows.  Flow paths were inspected and ineffective flow areas were identified where 
appropriate to reflect flow access into low-lying overbank areas.  Flood inundation results for 
extreme high and low flows were evaluated. 
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Overbank and main channel Manning's n roughness inputs were modified for flow characteristics 
under much higher levels of inundation/active flow area, as typical of Mitch-type events.  
Modeling results were compared to observed high-water marks noted at given locations in the 
JICA and ENEE reports.  The observed high water-marks were only used as an approximate 
check on the model performance for flow conditions on the order of those generated by 
Hurricane Mitch, since changes to the channel have occurred.  
 
RTi staff checked geometric overlays and channel invert elevations so that the predicted water 
surfaces were depicted correctly over the range of low to high flows.  In an additional exercise, a 
JICA report hydrograph for Hurricane Mitch was used to pro-rate estimated flows at different 
locations and times during the storm.  HEC-RAS was used to develop water surface profiles at 
different times during the event. 
 
Subsequently, the Hurricane Mitch test case results were checked and verified for reasonableness 
with COPECO personnel in Honduras.  Written training materials were prepared on HEC-RAS, 
its use and configuration in the flood mapping system and its capabilities as a general planning 
tool by agencies receiving technology transfer in Honduras. 
 

FORECAST SYSTEM IMPLEMENTATION 
 

Figure 3, which was introduced as part of the System Overview section, shows the real-time 
station network, forecast points, and sub-basins, which are modeled in the real-time, forecast 
system.  Implementation of the RiverTrakTM forecast system required the definition of a database 
that will support the storage of observed precipitation and river stage data, as well as processed 
data such as mean areal precipitation and forecasted streamflow.  In addition, parametric 
information was defined for the stations as well as the sub-basins.  The type of information that 
was defined includes the following: 
 

• Station weights were defined to support the computation of basin mean areal precipitation 
from the real-time network.   

• Rating curves were defined to allow conversion of observed stage to observed discharge 
and simulated discharge to simulated stage.   

• Model parameters for the SAC-SMA and unit hydrograph models were defined for each 
sub-basin.   

• Reservoir information was defined for two water supply reservoirs upstream of 
Tegucigalpa 

• Lag and K model parameters were defined for downstream sub-basins to allow routing of 
flow from upstream forecast points.  

 
Every fifteen minutes, RiverTrakTM  checks for SHEF files on the computer at SMN.  New data 
are posted to the database and these data are processed to create 15-minute time series of mean 
areal precipitation and observed streamflow.  The models are executed for each sub-basin 
working from upstream to downstream.  Figure 4 shows a sample of the displays generated by 
RiverTrakTM.  The background is a geographical display that shows station and forecast point 
locations.  Forecasted hydrographs are produced for each forecast point.  In addition, a forecast 
point summary table provides current observed and forecasted peak conditions for each forecast 
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point.  The displays are updated for each forecast execution.  RiverTrakTM allows the user to edit 
bad data values and to enter forecasted precipitation amounts.   
 
The HEC-RAS model is executed as part of each RiverTrakTM forecast.  Separate output files are 
produced for current and forecasted conditions.  These files contain water surface elevations for 
each cross-section and are used as input to the flood mapping component. 

Figure 4.  RiverTrakTM Displays 

 
FLOOD MAPPING COMPONENT 

 
The flood mapping step is accomplished using the NOAA FldView application.  The input to the 
FldView application consists of a geometry file containing the locations of all the cross-sections 
and a second file containing the elevation of the water surface at each of the cross-sections.  The 
FldView application is an ArcView extension that uses these data to create a water surface layer 
and intersect it with the terrain.  The results include polygons of the inundated area as well as 
estimates of the water depth.  
 
NOAA personnel initialized FldView for the Río Choluteca.  The initialization step included 
defining the river centerline and creating the geometry file, which contains the locations of the 
cross-sections.  RTi made several modifications for the Río Choluteca implementation.  
 
The channel centerline was modified to be consistent with the centerline defined in the HEC-
RAS implementation.  In addition, the cross-section locations were adjusted to ensure they were 
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properly georegistered.  This step was verified by confirming that the cross-sections associated 
with the bridges corresponded with their locations in the DEM. 
 
Several of the existing bridges over the Río Choluteca were not present when the LIDAR data 
were collected.  RTi modified the DEM to approximate the locations and elevations of the 
bridges.  Modifications were only made where survey data were available for the bridges.  
Including the bridges in the DEM allows the user to see where the inundated surface will pass 
under a bridge or, in the case of extreme flooding, where bridges will be inundated.  
 
Several changes were made to FldView to make it easier to use in an operational environment.  
Processing steps which were unnecessary for the Honduras installation were eliminated and 
responses required from the user were minimized. 
 
RTi also added several data layers which could be displayed with the flood inundation layer.  
Orthophotos (developed by JICA), a hillshade representation of the DEM, and some text 
annotation of major features significantly improved the visualization of the extent of the 
flooding.  
 
As discussed in the Hydraulic Model Development section, the estimated flows from the 
Hurricane Mitch event were analyzed with the current channel geometry in order to test the 
performance of the system at large flows.  Figure 5 shows two examples of flood inundation 
maps produced from the Hurricane Mitch simulation using the FldView application. 

Figure 5.  Simulated Hurricane Mitch Inundation Maps.

 
In the Honduras System, each time RiverTrakTM executes a new forecast, files containing the Río 
Choluteca water surface elevations for each cross-section are updated for current and forecasted 
conditions.  When the FldView application is executed, it accesses the most recent files and 
generates flood inundation maps for current and forecast conditions.  The user is then able to 
select overlays as well as pan and zoom on the map.  The displays provide extremely detailed 
information to assist emergency management personnel concerned with warning and evacuation 
decisions. 
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SUMMARY 
 

RTi implemented a real-time system for flood inundation mapping in Honduras as a part of 
NOAA’s Hurricane Mitch Reconstruction Program activities.  The system relies on real-time 
data collected from stations installed by NOAA and the USGS.  It takes advantage of a DEM 
developed by the USGS as well as some hydraulic modeling work the USGS performed as part 
of a flood risk study for Tegucigalpa.  The RiverTrakTM forecast system is an RTi software 
product that provides forecasted hydrographs for 11 forecast points in the Río Choluteca basin.  
The HEC-RAS steady-state software module has been incorporated as a model in RiverTrakTM to 
provide real-time backwater analysis for the Rio Choluteca in Tegucigalpa.  The water surface 
elevations computed for each cross-section by HEC-RAS are provided to the NOAA FldView 
application in order to produce flood inundation maps.  The resulting flood inundation maps 
provide more detailed information about current and forecasted flood conditions to Honduran 
emergency management personnel. 
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Abstract:  The Geospatial Hydrologic Modeling Extension (HEC-GeoHMS) is a public-domain 
software package for use with the ArcView Geographic Information System.  GeoHMS uses 
ArcView and Spatial Analyst to develop a number of hydrologic modeling inputs.  Analyzing the 
digital terrain information, HEC-GeoHMS transforms the drainage paths and watershed 
boundaries into a hydrologic data structure that represents the watershed response to 
precipitation.  In addition to the hydrologic data structure, capabilities include the development 
of grid-based data for linear quasi-distributed runoff transformation (ModClark), HEC-HMS 
basin model, physical watershed and stream characteristics, and background map file.  GeoHMS 
is available for Windows 95/98/NT operating systems.  
 
The development of HEC-GeoHMS began with contracted research at the Center for Research in 
Water Resources at the University of Texas and continues now under a Cooperative Research 
and Development Agreement (CRADA) between HEC and ESRI.  

BACKGROUND 
The Hydrologic Engineering Center’s (HEC) recent developments in Geographic Information 
System (GIS) tools for hydrologic and hydraulic modeling results from many years of interest in 
geospatial data usage.  The earliest work was begun in the mid 1970's when HEC developed 
software based on the concepts developed in the Harvard University's School of Landscape 
Architecture, Honey Hill Project.  That early work culminated with the development of the 
Spatial Analysis Methodology (HEC-SAM) which included a grid-cell data bank and analysis 
software for hydrologic and flood damage calculations.  That early work had the same concepts 
as those of today, but the limitations in the computer hardware, GIS software, and data 
availability made widespread engineering applications difficult. 
 
The current development builds on those early experiences and takes the technology to several 
practical engineering products including HEC-GeoHMS.  HEC resurrected its earlier efforts by 
reviewing current GIS capabilities in association with Professor David Maidment from the 
University of Texas.  HEC and Dr. Maidment formulated a watershed data structure that would 
link GIS and hydrologic models.  From that time, the definition and content of the GIS and 
hydrologic data structures evolved into a hydrologic GIS preprocessor, PrePro.  Taking 
advantage of the wealth of terrain and geographic data readily available over the Internet and 
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from government agencies, PrePro delineates streams and watersheds and builds the hydrologic 
model structure for HEC-HMS.  PrePro was the predecessor to HEC-GeoHMS. 
 
The development of PrePro at the University of Texas was partially supported by HEC via the 
Corps' Civil Works R&D program.  The effort also received substantial support from the Texas 
Department of Transportation as well as support from other national and international agencies.  
As a component of a Cooperative Research and Development Agreement between HEC and 
ESRI, HEC-GeoHMS was developed as the successor to PrePro.  HEC continues a research 
association with Dr. Maidment's Center for Research in Water Resources. 
 
HEC has developed a number of GIS modules for specific tasks, such as processing terrain for 
drainage path, generating grid-based rainfall, etc.  Those modules required users knowledgeable 
of UNIX, ArcInfo, hydrology, and a number of miscellaneous sub-programs.  HEC-GeoHMS 
combines the functionality of those ArcInfo programs into a package that is easy to use.  With 
this ArcView capability and a graphical user interface, the user easily accesses customized 
menus, tools, and buttons instead of the command line interface in ArcInfo.  With GeoHMS, 
users who are new to GIS have access to powerful GIS operations. 
 
GeoHMS uses readily available digital geospatial information to construct hydrologic models 
more expediently than manual methods.  Also, development of basic watershed information will 
aid the engineers in estimating hydrologic parameters.  After gaining adequate experience with 
using GIS-generated parameters, users can take steps to streamline the process of hydrologic 
parameter estimation. 
 
Other GIS products that have been released or are under development by HEC include HEC-
GeoRAS, a GIS utility for use with the HEC-RAS river hydraulics program, and HEC-GeoFDA, 
a GIS utility for use with the HEC-FDA flood damage analysis package. 

INTRODUCTION 
In recent years, advances in the Geographic Information Systems (GIS) have opened many 
opportunities for enhancing hydrologic modeling of watershed systems.  With an openness to 
share spatial information via the Internet from government agencies, commercial vendors, and 
private companies coupled with powerful spatial algorithms, the integration of GIS with 
hydrologic modeling holds the promise of a cost-effective alternative for studying watersheds.  
The ability to perform spatial analysis for the development of lumped hydrologic parameters can 
not only save time and effort but also improve accuracy over traditional methods.  In addition, 
hydrologic modeling has evolved to consider radar rainfall and advanced techniques for 
modeling the watershed on a grid level.  Rainfall and infiltration are computed cell by cell 
providing greater detail than traditional lumped methods.   
 
These advanced modeling techniques have become feasible because the many time consuming 
data manipulations can now be generated efficiently with GIS spatial operations.  For example, 
the ability to perform spatial overlays of information to compute lumped or grid-based 
parameters is crucial for computing basin parameters, especially grid-based parameters.  HEC-
GeoHMS has been developed as a geospatial hydrology tool kit for engineers and hydrologists 
with limited GIS experience.  The program allows users to visualize spatial information, 
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document watershed conditions, perform spatial analysis, delineate subbasins and streams, 
construct inputs to hydrologic models, and assist with report preparation.  Working with HEC-
GeoHMS through its interfaces, menus, tools, buttons, and context-sensitive online help, in a 
windows environment, allows the user to expediently create hydrologic inputs that can be used 
directly with the Hydrologic Modeling System, HEC-HMS.  

TECHNICAL CAPABILITIES 
Hydrologic modeling has evolved to represent the subbasin in more detail than the traditional 
lumped approach where hydrologic parameters are averaged over the basin.  With the availability 
of radar rainfall and spatial data, hydrologic modeling on a grid level has introduced a more 
detailed representation of the basin.  This distributive modeling approach utilizes the ModClark 
(Peters and Easton, 1996; Kull and Feldman, 1998) hydrograph transformation method, which 
tracks infiltration and excess rainfall on a cell-by-cell basis.  To meet the needs of both the 
traditional lumped and distributed basin approaches, HEC-GeoHMS has the capability to 
develop HMS input files that are compatible with both approaches. 
 
The current version of HEC-GeoHMS creates a background map file, lumped basin model, a grid 
cell parameter file, and a distributed basin model.  The background map file contains the stream 
alignments and subbasins boundaries.  The lumped basin model contains hydrologic elements 
and their connectivity to represent the movement of water through the drainage system.  The 
lumped basin file includes watershed area, and reserves empty fields for hydrologic parameters.  
To assist with estimating hydrologic parameters, tables containing physical characteristics of 
streams and watersheds can be generated.  If the hydrologic model employs the distributive 
techniques for hydrograph transformation (i.e. ModClark, and grid-based precipitation), then a 
grid-cell parameter file and a distributed basin model at the grid-cell level can be generated. 
 
GeoHMS provides an integrated work environment with data management and customized 
toolkit capabilities, which includes a graphical user interface with menus, tools, and buttons.  
The program features terrain-preprocessing capabilities in both interactive and batch modes.  
Additional interactive capabilities allow user to construct a hydrologic schematic of the 
watershed at stream gages, hydraulic structures, and other control points.  Physical 
characteristics of the watershed and river are computed and used to estimate hydrologic 
parameters.  The hydrologic results from HEC-GeoHMS are then imported by the Hydrologic 
Modeling System, HEC-HMS, where simulation is performed.   
 
The following capabilities are implemented in GeoHMS. 
 
Data Management:  GeoHMS performs a number of administrative tasks that help the user 
manage GIS data derived from the program.  The data management feature tracks thematic GIS 
data layers and their names in a manner largely transparent to the user.  Prior to performing a 
particular operation, the data manager will offer the appropriate thematic data inputs for 
operation, and prompt the user for confirmation.  Other times, the data management feature 
manages the locations of various projects and also performs error checking and detection. 
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Terrain Preprocessing:  GeoHMS allows users to perform terrain preprocessing in a step-by-
step fashion or in batch mode.  In the step-by-step fashion, the user often has the opportunity to 
examine the outputs and make corrections to the data set, as appropriate.  However, if the user 
has performed the terrain preprocessing a number of times, then batch processing will allow 
terrain preprocessing to be performed unattended. 
 
Basin Processing:  The emphasis of the subbasin delineation, processing, and manipulation 
capability is on flexibility, ease of use, and user interactivity.  As the user subdivides a basin or 
merges many smaller subbasins together, the results of the operation are displayed immediately 
for the user’s confirmation.  The ability to perform basin processing interactively is powerful 
because the results are presented quickly for user to make a modeling decision instead of having 
to reprocess the data.  For example, the user can obtain a stream profile and look for significant 
grade breaks.  If basin subdivision at a grade break is desired, the user just clicks on the profile at 
the grade break.  Other tools allow user to delineate subbasins in a batch mode by supplying a 
data set of point locations of desired outlets. 
 
HEC-HMS Model Support:  GeoHMS produces a number of hydrologic inputs that are used 
directly in HMS.  In addition, the program supports the estimation of hydrologic parameters by 
providing tables of physical characteristics of the streams and watersheds.  While working with 
GeoHMS, the user can toggle GeoHMS on/off in order to bring in other ArcView extension 
programs to perform spatial operations and develop additional parameters for populating the 
hydrologic model. 

INTENDED APPLICATION OF HEC-GEOHMS 
The application of HEC-GeoHMS is intended after the compilation and preparation of the terrain 
data is completed.  The assembly of GIS data can be performed using standard GIS software 
packages that support ARC Grid format.  Even though this paper provides some guidance and 
discussions on the proper approach for assembling data, GeoHMS is not intended as a tool for 
data assembly.  When assembling data, it is important to understand how to use GIS software to 
put data of different types and formats into a common coordinate system.  A few examples of 
required data are digital elevation model, digital stream alignments, and stream gage locations.  
The most important data, and often the most difficult, is a “hydrologically corrected” digital 
elevation model, DEM.   
 
When the data assembly is complete, GeoHMS analyzes the terrain and spatial information to 
generate a number of hydrologic inputs.  It is intended that these hydrologic inputs provide the 
user with an initial HMS model.  The user can estimate hydrologic parameters from stream and 
watershed characteristics, and gaged precipitation and streamflow data.  In addition, the user has 
full control in HMS to modify the hydrologic elements and their connectivity to more accurately 
represent field conditions. 

HEC-GEOHMS DEVELOPMENT AND APPLICATION 
HEC-GeoHMS is a set of ArcView scripts developed using the Avenue programming language 
and Spatial Analyst.  It includes an integrated data management capability and a graphical user 
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interface (GUI).  Through the GUI, which consists of menus, tools, and buttons, the user can 
analyze the terrain information, delineate subbasins and streams, and prepare hydrologic inputs. 
 
The relationship between GIS, HEC-GeoHMS, and HEC-HMS is illustrated in Figure 1.  The 
GIS capability is used for heavy data formating, processing, and coordinate transformation.  The 
end result of the GIS processing is a spatial-hydrology database that consists of the Digital 
Elevation Model (DEM), soil types, land use information, rainfall, etc.  Currently, HEC-
GeoHMS operates on the DEM to derive subbasin delineation and prepare a number of 
hydrologic inputs.  HEC-HMS accepts these hydrologic inputs as a starting point for hydrologic 
modeling.  With the vertical dashed line separating the roles of the GIS and the watershed 
hydrology, HEC-GeoHMS provides the connection for translating GIS spatial information into 
hydrologic models. 
 

 
Figure 1.  Overview of GIS and Hydrologic Modeling Programs 

The following contents describe the major steps in starting a project and taking it through the 
process. 

HEC-GEOHMS CAPABILITIES 
The HEC-GeoHMS extension adds features and functionality to the standard ArcView; special 
menus (Terrain Preprocessing, HMS Project Setup, and Utility), buttons, and tools are added to 
the standard ArcView GUI as shown in Figure 2.  A number of capabilities related to terrain 
processing are under the Terrain Processing menu.  Once the terrain processing is complete, the 
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data can be extracted to support hydrologic model creation via the HMS Model Setup menu. 

Menus

Tools Buttons

 
Figure 2.  MainView GUI with GeoHMS Extensions Features (Circled) 

The Utility menu allows users to perform some limited administrative tasks in assigning or 
changing a theme, which is to be identified and used by the program.  Each theme will be 
assigned a unique name or “tag” by which it will be known to the program.  The tags are names 
associated with themes that identify the role of the theme in the program.  Buttons perform tasks 
after they are activated.  On the other hand, the tools perform the task after they are activated and 
the user applies an action.  Table 1,Table 2, and Table 3 show the menus, buttons, and tools 
added by HEC-GeoHMS when the MainView document is activated for terrain preprocessing. 

 
Table 1.  MainView Menus 

Menus Descriptions 

 
 

 
The Terrain Preprocessing menu is used to process and 
analyze the terrain.  It has the capability of processing the 
terrain in two ways: step by step or batch processing.  It 
also has data management capability for tracking data sets 
as they are derived. 
 
 

 
 

 
After the terrain has been processed, the HMS Project Setup 
menu is used to extract the processed terrain information 
from the MainView.  The extracted information will be 
placed in a separate view called the ProjView.  There are 
several options for extraction of terrain information. 
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Table 1. MainView Menus (Continued)

 

 
The Utility menu contains miscellaneous tools dealing with 
assigning roles for data sets and developing graphical 
output.  The user should not use this menu except for the 
graphic generation in the last two menu items. 

 
Table 2.  MainView Buttons 

Buttons Names Descriptions 

 Find Area Find a number of locations that have the closest, but not 
exceeding, drainage area to the user-specified area.  This tool 
provides many candidate points.  In order to narrow the number 
of candidate points, the tool should be used when the area of 
interest is zoomed in. 
 

 
Toggle Toggle the HEC-GeoHMS tools ON/OFF. When it is in the ON 

position, HEC-GeoHMS tools are enabled.  When it is in the 
OFF position, tools from other extensions are enabled. 
 

 
Help Access context sensitive online help on any tools or menus.  

Select the tool and Press it on any tools for online help. 
 
Table 3.  MainView Tools 

Tools Names Descriptions 

 Flow Trace Trace the flow path downstream of a user-specified point. 
 

 Point 
Delineate 

Delineate the watershed tributary to a user-specified point. 
 

 Identify 
Area 

Identify contributing area in distance units as specified in the 
View’s properties. 
 

 Specify 
Project 
Point 

Specify the downstream outlet and/or upstream source point for 
extraction of terrain information. 
 

 Contour This is an ArcView tool that is useful in HEC-GeoHMS.  This 
tool draws contours at the user-specified point as a graphic. 

 
Basin Processing:  In this step, the user is provided with a variety of interactive and batch-mode 
tools to delineate subbasins.  In the interactive mode, the tools allow the user to see the 
delineation results, assess outcomes, and accept or deny the resulting delineation.  The 
interactive tools are quick.  For example, the user sees the result of a merge of smaller basins 
together or subdivision of a larger basin.  When the user performs interactive basin processing, 
the program will prompt the user to confirm the results.  A number of other interactive tools 
allow the user to delineate a basin from a stream profile, subdivide basin at a stream confluence, 
and create a basin where a stream does not exist.  In the batch mode, the user can supply the 
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outlet locations and the program will delineate subbasins at those locations, but without 
interaction to view and revise.   
 
After the overall hydrologic model is defined in the MainView as shown in , the extracted data 
for the HMS model is generated and placed in the ProjView, which allows the user to revise the 
subbasins delineation.  Subbasin and routing reach delineations include points where information 
is needed, i.e., streamflow gage locations, flood damage centers, environmental concerns, and 
hydrologic and hydraulic controls.  The tools allow the user to interactively combine or 
subdivide subbasins as well as to delineate subbasins to a set of points in a batch manner.  The 
tools are available in the ProjView GUI as shown in Figure 3 and Table 4, Table 5, and Table 6.  
Typically, the user proceeds from the Basin Processing to the Basin Characteristics to the HMS 
menus. 

Menus

Tools Buttons
 

Figure 3.  ProjView GUI with GeoHMS Extensions Features (Circled) 

Table 4.  ProjView Menus 
Menus Descriptions 

 
 

 
This menu provides the user with interactive and batch 
processing capabilities to modify existing subbasins and 
delineate new subbasins.  There are also several tools 
available for subdividing basins and preparing batch 
points for delineation. 

 

 
After the user finalizes the basin delineation, this menu 
develops the physical characteristics for both the streams 
and subbasins based on the terrain model.  The stream 
characteristics will be stored in the stream’s attribute 
table.  Similarly, the basin characteristics will be stored 
in the subbasin’s attribute table.  These two tables can be 
exported for external computations. 
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Table 4. ProjView Menus (Continued)

 
 

 
This menu performs a number of tasks related to HMS.  
These tasks include default names for the reaches and 
subbasins, unit conversion, checking and creation of the 
basin schematic, and HMS files generation. 

 
Table 5.  ProjView Buttons 
Buttons Names Descriptions 

 Find Area Same as those in the MainView 
 

 Toggle Same as those in the MainView 
 

 
Table 6.  ProjView Tools 

Tools Names Descriptions 

 Identify Area Same as those in the MainView 
 

 Flow Trace Same as those in the MainView 
 

 Basin Subdivide Subdivide existing basin or create new basin at user-
specified point 
 

 Profile Extract the stream profile with elevation based on the 
terrain model 
 

 Batch Point Create a batch point shapefiles layer based on the user-
specified point 
 

 Profile Subdivide While the stream profile chart is opened, this tool allows 
the user to delineate subbasins by pressing the grade 
break or any point on the profile. 

 
Stream and Watershed Physical Characteristics:  When the streams and subbasins 
delineations have been finalized, HEC-GeoHMS computes several topographic characteristics of 
streams and watersheds.  The stream physical characteristics (such as length, upstream and 
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downstream elevations, and slope) are extracted from the terrain data and stored as attributes in 
the stream table.  Similarly, the subbasin physical characteristics (such as longest flow lengths, 
centroidal flow lengths, and slopes) are extracted from the terrain data and stored as attributes in 
the watershed table.  The current version of the program focuses on the extraction of physical 
characteristics instead of hydrologic parameters.  The physical characteristics extracted for the 
streams and subbasins are summarized in Table 7.  These physical characteristic tables as shown 
in Figure 4 can be exported and used externally to estimate hydrologic parameters.  When more 
experience is gained with applying GIS-generated parameters, it is anticipated that the program 
will suggest ranges for hydrologic parameters, as appropriate.   
 
Table 7.  Physical Characteristics of streams and subbasins 
 Physical Characteristics Attribute Table Heading  

Stream 
(River.Shp) 

Length 
 

Riv_Length 

 Upstream elevation US_Elv 
 Downstream elevation DS_Elv 
 Slope Slp_Endpt 
 Stream Profile N/A (See Chart) 
Watershed 
(WaterShd.shp) 

Area 
 

Area 
 

 Centroid Location N/A (See 
WshCentroid.shp) 

 Centroid Elevation Elevation 
 Longest Flow Path N/A (See LongestFP.shp) 

 Longest Flow Length Longest_FL 
 Upstream elevation USElv 
 Downstream elevation DSElv  
 Slope between endpoints Slp_Endpt 
 Slope between 10% - 

85% 
Slp_1085 

 Centroidal Path N/A (See 
CentoidalFP.shp) 

 Centroidal Length CentroidalFL 

 
Figure 4.  Longest Flow Path and Centroid Location Result 
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HEC-HMS Application:   HEC-GeoHMS develops a number of hydrologic inputs for HEC-
HMS: background-map file; grid-cell parameter file as shown in Figure 5; lumped-basin 
schematic model file as shown in Figure 6; and distributed-basin schematic model file. If the 
lumped modeling approach is used, then the user can generate the background-map file and the 
lumped-basin file.  If the distributed modeling approach is used, then the user can generate the 
background-map file, the grid-cell parameter file, and the distributed basin file.  The capability 
includes automatic naming of reaches and subbasins, checking for errors in the basin and stream 
connectivity, producing HMS schematic, and generating the HMS related input files.  The 
hydrologic data is then entered through HMS menus.  

Subbasin R150W120 ~ 5.696 sq.mi.

Area ~ 3.22 sq.km.

Subbasin R80W60 ~ 2.428 sq.mi. Area ~ 0.78 sq.km.  
Figure 5.  Grid-Cell-Parameter File Result 

 

 
Figure 6.  GeoHMS Schematic of the Hydrologic 
Structure and Connectivity 

 
Figure 7.  Imported HMS Basin Model  

 
When the GeoHMS generated files are brought into HMS, the user has a partially completed 
HMS model as shown in Figure 7.  To complete the HMS basin model, hydrologic parameters 
need to be estimated and entered in HMS.  In addition, the user can revise hydrologic elements 
and their connectivity to reflect difficult modeling areas.  Finally, the user needs to develop a 
Meteorologic Component to represent the precipitation and the Control Specifications 
Component to define the time window and other time-related specifications.  With these three 
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model components completed, the user can refer to the HMS manual to make a simulation run 
and calibrate the hydrologic model. 

FUTURE DEVELOPMENT 
HEC-GeoHMS Version 1.0 was released in September 2000.  It was developed based on 
ArcView Geographic Information System 3.x platform and allowed users to develop model 
inputs for the Hydrologic Modeling System (HMS).  Since the release of version 1.0, we have 
been working towards a release of Version 1.1 planned for summer of 2002.  GeoHMS Version 
1.1 will contain many new capabilities related to terrain data modification, coordinates system 
and projection support, and parameter extraction. The new capabilities under beta testing are 
outlined below. 
 
• Terrain Recondition - A technique of imposing the stream onto the terrain gradually to better 

reproduce drainage networks. 
• Coordinate System and Projection Support – Digital Elevation Models (DEM) in Universal 

Transverse Mercator System and State Plane Coordinate System are now supported in 
GeoHMS.  Users should verify the existence of a projection file (prj.adf) as part of the 
metadata for the terrain prior to analysis in GeoHMS. 

• Physical Characteristics Extraction and Hydrologic Parameter Estimation – GeoHMS 
provides more detailed physical characteristics extraction and facililates the process for the 
user to estimate hydrologic parameters.  The users are able to compute lumped and grid-
based curve numbers using both STATSGO and SURRGO soils databases, time of 
concentration, and routing parameters. 

 
HEC-GeoHMS 1.1 will be the final release for the ArcView 3.x GIS software.  Currently, new 
software development effort is planned for GeoHMS Version 2.0, which will be in the ArcGIS 
8.x platform.  HEC-GeoHMS Version 2.0 will focus on developing more hydrologic parameters 
and incorporating meteorologic techniques.  HEC will continue to support GeoHMS in both 
ArcView GIS 3.x and 8.x platforms. 

CLOSING REMARKS 

HEC-GeoHMS implements modern GIS and digital terrain technologies into an effective 
package to facilitate hydrologic model development.  The design and capabilities of the package 
are based on practical needs of watershed modeling by hydrologic engineers.  It does not try to 
make a GIS expert out of hydrologic engineers, but rather tries to focus the pertinent GIS 
resources as efficiently as possible on the hydrologic analysis application.  Some portions of the 
digital terrain preprocessing may require more GIS expertise, i.e., transferring coordinate 
systems and projections, and developing ‘hydrologically correct’ DEMs.  It is expected that 
expert GIS resources will be available to users for those special problems.  Also, it may be 
possible to preprocess areas of interest and provide that database to the hydrologic engineer.  As 
the GIS-hydrology profession advances, preprocessed spatial hydrologic databases (the USGS is 
working on some aspects of this in the new EDNA project) and standard algorithms for 
estimating the main hydrologic model parameters will become standard resources.  GeoHMS is 
just the beginning. 
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Abstract:  Soil moisture has been difficult to measure and map using conventional ground based 
point sampling.  Wavelengths in the microwave portion of the spectrum respond to the amount of 
water present in the soil.  This feature makes microwave remote sensing particularly attractive in 
hydrologic and water resources studies.  Soil moisture retrieval using microwave remote sensing 
has been demonstrated using tower and aircraft instruments.  The translation of this approach to 
satellites and the implementation in hydrologic applications has been limited by both the 
technology and the satellite systems that were available. Recent developments in both science 
and associated technologies now make the exploitation of the microwave region for soil moisture 
mapping feasible.  There are a number of new satellite missions scheduled for the next five 
years.  Passive systems provide frequent large scale coverage at coarse spatial resolution.  Active 
systems have high spatial resolution but poor temporal coverage. Tradeoffs must be carefully 
considered.  Daily soil moisture maps could contribute to a range of water resources applications 
such as establishing antecedent conditions for runoff prediction, irrigation management, and 
climate analysis.   
 

INTRODUCTION 
 
Improvements in hydrological modeling can be achieved through observation of the current status 
of soil moisture. Observed soil moisture can be used as an input, for calibration, and model 
formulation. More accurate predictions from the model will lead to better forecasts of floods and 
other hydrological phenomena.  Soil moisture products are now feasible using a new generation of 
microwave remote sensing satellites.  These measurements can be used to measure and monitor the 
actual soil moisture conditions on a daily basis over the entire Earth. The quality of these products 
will continue to improve over time as new sensors are launched. These satellite products, combined 
with existing insitu observations, should be exploited in hydrological monitoring, assessment and 
prediction. 

 
Routinely measured soil moisture has the potential to significantly improve our understanding of 
hydrologic processes and our ability to model these processes, thus improving forecast abilities.  
Leese et al. (2001) concluded that that the optimal approach to monitoring soil moisture would 
be a combination of model derived estimates using insitu measurements and estimates derived 
from remote sensing data as input data for assimilation (Houser et al. 1998).  In this regard, each 
method produces soil moisture values that are both unique and complementary.  

 
Insitu measurements of soil moisture have been made in a few countries over the past 70 years 
(Robock et al. 2000).  However, due to cost and sensor limitations there are few soil moisture 
sensor systems available today, especially for automated measurements. A lack of routine 
observations of soil moisture has led to the use of surrogate measurements (i.e. antecedent 
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precipitation index) and modeled estimates as substitutes, which limits the possibility of 
physically based model validation and acceptance. 

   
Remote sensing has been a valuable tool in some aspects of hydrological modeling.  Advantages 
include synoptic coverage, temporal repeat, and in most situations the unrestricted collection and 
distribution of information.  

 
Microwave sensors respond to the amount of moisture in the soil.  There are several methods that 
have been shown to be capable of providing soil moisture information. Each has unique capabilities 
(i.e. temporal coverage, spatial resolution) that must be matched with each application. In the past, 
the options have been limited by available satellite systems.  Investigators have demonstrated the 
potential of these data in hydrologic studies using ground and aircraft systems (i.e. Jackson et al. 
1995). However, efforts to use the less than optimal available satellite systems have had very 
limited success.  Within the next five years a wide range of new and significantly improved 
satellites will be launched that will offer new opportunities.  In this paper, the basis of microwave 
remote sensing will be presented with a description of alternative techniques and a review of current 
and future satellite systems and products.   
 

MICROWAVE REMOTE SENSING OF SURFACE SOIL MOISTURE 
 
Microwave remote sensing provides a direct measurement of the surface soil moisture for a 
range of vegetation cover conditions within reasonable error bounds. Two basic approaches are 
used, passive and active.  In passive methods, the natural thermal emission of the land surface (or 
brightness temperature) is measured at microwave wavelengths, using very sensitive detectors.  
In active methods or radar, a microwave pulse is sent and received.  The power of the received 
signal is compared to that which was sent to determine the backscattering coefficient.  

 
The microwave region of the electromagnetic spectrum consists of frequencies of 0.3-30 GHz.  
This region is subdivided into bands, which are often referred to by a lettering system.  Some of 
the relevant bands that are used in Earth remote sensing are: K (18-27 GHz), X (8-12 GHz), C 
(4-8 GHz), and L (1-2 GHz). Within these bands only small ranges exist that are protected for 
scientific applications, such as radioastronomy and passive sensing of the Earth’s surface.  
 
A general advantage of microwave sensors (in contrast to visible and infrared) is that 
observations can be made through cloud cover, because the atmosphere is nearly transparent, 
particularly at frequencies <10 GHz.  In addition, these measurements are not dependent on solar 
illumination and can be made at any time of the day or night.   
 
Microwave sensors operating at very low microwave frequencies (< 6 GHz) provide the best soil 
moisture information.  At low frequencies, attenuation and scattering problems associated with 
the atmosphere and vegetation are less significant, the instruments respond to a deeper soil layer, 
and a higher sensitivity to soil water content is present.   
 
Active and passive sensors provide different types of measurements, which are determined by 
various physical phenomena.  However, both types of sensors provide information on the surface 
reflectivity. The essential relationship needed to utilize microwave remote sensing is a link 
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between reflectivity and soil moisture. The Fresnel reflection equations are generally used for 
this purpose (Ulaby et al. 1986). These equations predict the surface reflectivity as a function of 
dielectric constant and the viewing angle based on the polarization of the sensor (horizontal or 
vertical).  
 
From the reflectivity, the dielectric constant of the soil can be estimated.  The dielectric constant 
of soil is a composite of the values of its components: air, soil, and water.  The basic reason 
microwave remote sensing is capable of providing soil moisture information is that there is a 
large difference between the dielectric constants of water (~80) and the other components (~4).  
Based on an estimate of the mixture dielectric constant derived from the Fresnel equations and 
soil texture information, volumetric soil moisture can be estimated using an inversion of the 
model. The depth of soil measured is approximately ¼ the wavelength 
(wavelength~29.6/frequency (GHz)). 
 
Passive Microwave Techniques:  Passive microwave remote sensing utilizes radiometers that 
measure the natural thermal radio emission within a narrow band centered around a particular 
frequency.  The measurement provided is the brightness temperature in degrees Kelvin, TB, 
which can include contributions from the atmosphere, reflected sky radiation, and the land 
surface.  Atmospheric contributions are negligible at frequencies < 10 GHz, and the following 
section assumes this to be the case. Galactic and cosmic radiation contribute to sky radiation and 
have a known value that varies very little in the frequency range used for observations of soil 
water content.  The brightness temperature of a surface is equal to its emissivity multiplied by its 
physical temperature.  The emissivity is equal to 1 minus the reflectivity, which provides the link 
to the Fresnel equations and soil moisture for passive microwave remote sensing. 
 
If the physical temperature is estimated independently, the emissivity can be determined from 
TB.  The physical temperature can be estimated using surrogates based on satellite surface 
temperature, air temperature observations, or forecast model predictions. 
 
For natural conditions, varying degrees of vegetation type and density are likely to be 
encountered.  The presence of vegetation has a major impact on the microwave measurement. 
Vegetation reduces the sensitivity of the retrieval algorithm to changes in soil water content by 
attenuating the soil signal and by adding a microwave emission of its own to the microwave 
measurement. This attenuation increases with increasing microwave frequency, which is another 
important reason for using lower frequencies.  Attenuation is characterized by the optical depth 
of the vegetation canopy. Jackson and Schmugge (1991) present a method for estimating optical 
depth that utilizes information on the vegetation type (typically derived from land cover) and 
vegetation water content, which is estimated using visible/near infrared remote sensing. 
 
Recent efforts to develop research and operational soil moisture retrieval algorithms for the 
Advanced Microwave Scanning Radiometer (AMSR) instruments on the NASA Aqua and 
NASDA ADEOS-II satellites (Njoku et al. 2000 and Koike et al. 2000) have resulted in the 
formalization of several alternative approaches. For the most part, all of these methods are based 
upon the same basic radiative transfer equation for a specific frequency and polarization.  
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The series of equations involves many variables and parameters. In Njoku and Li (1999) these 
were categorized as either media or media and sensor variables (dependent upon both frequency 
and polarization of the sensor). The only media variables are those describing the physical 
temperature and atmospheric profile. Solving these equations, either forward calculations of TB 
or inversions for soil moisture, requires assumptions and/or ancillary data to reduce the 
dimensionality of the problem.  
 
Most research and applications involving passive microwave remote sensing of soil moisture 
have emphasized low frequencies (L band). In this range, it is possible to develop soil moisture 
retrievals based on a single H polarization observation (Jackson 1993). This approach relies on 
providing ancillary data on temperature, vegetation, land cover, and soils. Atmospheric 
corrections are assumed to be negligible at these frequencies. 
 
A good example of soil moisture retrieval, mapping, and hydrologic analysis using passive 
microwave data is the Washita’92 study. This study was conducted using an aircraft based L 
band mapping radiometer over the Little Washita watershed in southwestern Oklahoma (Jackson 
et al. 1995).  Passive microwave observations were made over a nine-day period in June 1992.  
The watershed was saturated with a great deal of standing water at the outset of the study.  
During the experiment, no rainfall occurred and observations of surface soil water content 
exhibited a dry down pattern over the period.  Observations of surface soil water content were 
made at sites distributed over the area.  Significant variations in the level and rate of change in 
surface soil water content were noted over areas dominated by different soil textures.  
 
Passive microwave observations were made on eight of the nine days of the study period.  The 
radiometer data were processed to produce brightness temperature maps of a 740-km2 area at a 
200-m resolution on each of the eight days.  Using the single channel soil water content retrieval 
algorithm described in previous sections, these brightness temperature data were converted to 
soil water content images. Gray-scale images for each day are shown in Figure 1.  The spatial 
resolution of these images is 200 m. These data exhibited significant spatial and temporal 
patterns.  Spatial patterns are associated with soil textures, and temporal patterns with drainage 
and evaporative processes. These results clearly show that consistent information can be extracted 
from low frequency passive microwave data. They also illustrate the spatial and temporal variability 
that can exist, which cannot be captured by point observations. 
 
The basic concepts developed in the Washita’92 experiment were evaluated in a follow on study 
that expanded the spatial domain to 10,000 km2 and the time period to one month. Results presented 
in Jackson et al. (1999) verified that the watershed scale Washita’92 could be extrapolated in both 
space and time scales compatible with satellite observing systems. More information on these and 
other related investigations can be found at http://hydrolab.arsusda.gov/rsbarc/RSofSM.htm. 
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Active Microwave Methods:  Active microwave 
sensors or radars measure the transmitted and received 
power to yield a variable called the backscattering 
coefficient  (σo). The backscattering coefficient can be 
related to the surface reflectivity (Ulaby et al. 1986).  
As described previously, the reflectivity can then be 
used to determine surface soil moisture.  For active 
techniques, the link between the measurement of the 
backscattering coefficient and the surface reflectivity is 
a bit more complex than for passive methods.  The 
geometric properties of the soil surface and vegetation 
have a greater effect on these measurements and simple 
correction procedures are difficult to develop.   
 
The two most common types of radars are 
scatterometers and synthetic aperture radars (SAR). 
Scatterometers are nonimaging radars. In the case of a 
SAR, the received microwave signal is further 
processed to produce an image. A uses the phase 
history of the returned signal to synthesize a very large 
antenna and thus significantly improve resolution in the 
azimuth direction (on the order of 10 – 100 m even 
from satellites). 
 
The signals sent and received by a radar system are 
usually linearly polarized, either horizontal (H) or 
vertical (V).  Transmitter and receiver can each have a 
different polarization. Possible combinations are HH, 
VV, HV, and VH.  Advanced multipolarization 
systems can make all of these measurements 
simultaneously. 
 
Estimating soil water content from radar backscatter is 
easier when the soil is bare. When there is a vegetation 
cover, establishing soil water under the canopy is much 
more difficult. Microwaves transmitted will interact 
with the vegetation cover. These will be scattered and 
attenuated by the vegetation. In addition, the energy 
scattered back towards the sensor is a combination of 
scattering directly from the canopy and directly from 
the soil, as well as multiple scattering that results from 
the signal interacting with both the soil and the canopy. 
Estimating soil water content under a vegetation 
canopy is difficult and requires unraveling the 
contribution of the soil itself from that of  vegetation.  

   Figure 1. Washita’92 soil moisture. 
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The most common approach to estimating soil moisture from backscatter has been linear 
regression (Engman and Gurney 1991, Brown et al. 1993). This of course does not result in a 
robust retrieval algorithm.  More theoretical approaches have limited applicability and can 
difficult to implement (Engman et al. 1987, Oh et al. 1992). A more promising technique 
involves semi-empirical models. These involve multiple polarization observations and 
restrictions on the range of applicability. Algorithms incorporating this approach for bare soils 
are presented in Oh et al. (1992), Shi et al. (1995), and Dubois et al. (1995).  A robust approach 
to account for vegetation has not yet been developed and validated. 
 

SATELLITE OBSERVING SYSTEMS AND PRODUCTS 
 
Satellite-based sensors offer the advantages of large-area mapping and long-term repetitive 
coverage.  Revisit time can be a critical problem in studies involving rapidly changing 
conditions, such as surface soil water content.  With very wide swaths it is possible to obtain 
twice daily coverage with a polar orbiting satellite.  For most satellites, especially if constant or 
narrow ranges of the viewing angle are important, the revisit time can be much longer.  
Optimizing the time and frequency of coverage is a critical problem for studies of soil water 
content. 
 
Current Passive Systems:  Currently, all passive microwave sensors on satellite platforms 
operate at high frequencies (>6 GHz).  Of particular note is the Special Satellite 
Microwave/Imager (SSM/I) package on the Defense Meteorological Satellite Platforms 
(Hollinger et al. 1990).  These satellites have been in operation since 1987 and provide high 
frequencies and two polarizations (see Table 1) except 22 GHz (V only) and the viewing angle is 
53.4o.  
 
Interpreting data from the SSM/I to extract surface information requires accounting for 
atmospheric effects on the measurement.  When one considers the atmospheric correction, the 
significance of vegetation attenuation, and the shallow contributing depth of soil for these high 
frequencies, it becomes apparent that the data are of limited value for estimating soil water 
content. However, data from the SSM/I can be used under some circumstances, such as in arid 
and semiarid areas with low amounts of vegetation. Spatial resolution of the SSM/I is very 
coarse, as shown in Table 1. The SSM/I utilizes conical scanning, which provides measurements 
at the same viewing angle at all beam positions on a swath.  This makes data interpretation more 
straightforward and simplifies image comparisons.  There have been as many as four SSM/I 
satellites in operation at any given period.  Therefore, frequent and even multiple daily passes are 
typical for most regions of the Earth.  Data from the SSM/I are publicly available. 
 
Value added products from the SSM/I sensors include a wide range of atmospheric and ocean 
variables. However, for reasons noted above there have been few attempts at generating standard 
land surface products.  
 
NOAA (Basist et al. 1998) utilizes SSM/I data to produce an experimental data product called 
the Soil Wetness Index.  The key point to recognize with regard to this index is that it is intended 
to provide information on significant wet soil conditions (areal extent of flooding), which can be 
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more reliably detected than variations at lower levels of soil moisture.  In most cases these will 
involve some standing surface water, which will result in a large decrease in brightness 
temperature.  
 

Table 1.  Microwave Satellite Systems 

Satellite Period of 
Coverage Frequency (GHz) Polarization Horizontal 

Resolution (km) 
Repeat Frequency  

(days) 

Passive 

SSM/I 1987-present 19.4, 22.2 
37.0,85.5 H and V 70 to 5 km 1-2 

TMI 1998-present 10.7, 19.4, 21.3, 
37.0, 85.5 H and V 60 to 6 km 1 

MSMR 1999-present 6.6, 10.7, 18.0, 
21.0 H and V 105 to 34 km 2 

AMSR 
(NASA) (April 2002) 6.9,10.7, 18.7, 

23.8, 36.5, 89.0 H and V 75 to 7 km 2-3 

AMSR 
(Japan) (2003) 6.9, 10.7, 18.7, 

23.8, 36.5, 89.0 H and V 70 – 6 km 2-3 

Windsat (2003) 6.9,10.7, 18.7, 
23.8, 36.5, 89.0 H and V 70 to 6 km 2-3 

SMOS (2006) 1.4 H and V 50 km 2-3 

HYDROS (2007) 1.4 H and V 
HH, VV 3 to 40 km 2-3 

Active 

ERS 1991-present 5.3 VV 30 m 35 

Radarsat-1 1995-present 5.3 HH 7 to 100 m 24 

ASAR 2002-present 5.3 HH and VV or HH and HV or 
VV and VH 30 to 1000 m 35 

Radarsat-2 (2003) 5.3 HH, VV, HV and VH 3 to 100 m 24 

Palsar (2004) 1.27 HH or VV and HV or VH 10 to 100 m 46 

 
 
The Soil Wetness Index (SWI) uses the difference between the 85 GHz and 19 GHz horizontally 
polarized brightness temperatures from the SSM/I instrument.  These differences are scaled to 
enhance the extremely wet to flooded soil conditions.  Data are composited as temporal 5 day 
averages in order to identify flooded areas, which may otherwise be obscured by precipitation.  
Spatial resolution is 0.3 degrees. For each 0.3 degree pixel, the current SWI is compared to the 
historic mean and standard deviation (1987 - present) as follows 
 

)(
))((

i

ii
i SWISigma

SWIMeanSWI
SWIZ

−
=   

where:  
i = the ith 5 day period: i = 1, 2, .., 73)  
Mean(SWIi ) = the average pixel level SWI for the ith period  
Sigma(SWIi ) = the standard deviation of SWI for the ith period.  
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As a flood index, only the positive anomalies of the SWI are important.  These are on a scale of 1 
to 3.  SWIZ values in the range 1-2 are associated with wet surface conditions; 2-3 are indicative 
of extremely wet conditions; and >=3 have the potential for flooding.  Standard products include 
daily, five-day composite, and an anomaly product for the continental U.S. and globally.  
 
A few studies have attempted to extract actual soil moisture from SSM/I data. In Jackson (1997) 
the single channel/ancillary data approach was extended to the higher frequencies of the SSM/I 
instrument. A simple approximation of the required atmospheric corrections was applied to the 
data set before attempting to relate soil moisture observations and emissivity. For the limited 
validation data set available the approach performed relatively well with a standard error of 
estimate of 5.3%. It is likely that the success of the approach was related to the limited 
conditions and light vegetation conditions evaluated.   
 
Another option is the Tropical Rainfall Measurement Mission (TRMM) Microwave Imager (TMI) 
on the TRMM satellite (Kummerow et al. 1998). It is a five-channel, dual-polarized, passive 
microwave radiometer with a constant viewing angle of 53o.  The lowest TMI frequency is 10 GHz 
(see Table 1), about half that of the SSM/I. The TMI has a higher spatial resolution as compared to 
the SSM/I.  TRMM only provides coverage of the tropics, which includes latitudes between 38oN 
and 38oS for the TMI instrument.  However, a unique capability of the TMI is its ability to collect 
data daily, and in many cases more often, within certain latitude ranges.  This could facilitate 
multitemporal and diurnal analyses.  Data from the TMI are publicly available. The TRMM mission 
focuses on precipitation products. Therefore, standard land products are not produced. Jackson and 
Hsu (2001) have attempted to retrieve soil moisture from TMI observations.  These studies show the 
potential of the improved spatial resolution, higher temporal repeat coverage, and lower frequency 
as compared to the SSM/I. 
 
At the present time, the Indian Space Research Organization is operating a satellite called 
Oceansat-1 (Sharma 2000).  This satellite includes an instrument called the Multifrequency 
Scanning Microwave Radiometer (MSMR), which has a 6.6 GHz channel (see Table 1).  
Although this low frequency is an advantage for soil moisture, the very large footprint (> 100 
km) is a significant problem. Data from this instrument are available every two days at mid-
latitudes. Very little has been reported on the data from MSMR.   
  
Future Passive Systems: In the near future several new multifrequency passive microwave 
satellite systems will be launched.  As opposed to the currently available systems these offer a 
lower frequency channel operating at C band, which should provide a more robust soil moisture 
measurement. These satellites are the NASA Aqua, Japanese ADEOS-II, and the U.S. 
interagency Coriolis satellite Windsat instrument.  
 
Aqua and ADEOS-II include an instrument called the Advanced Microwave Scanning 
Radiometer (AMSR) satellite systems that include a 6.9 GHz channel with 60-km spatial 
resolution (see Table 1).  AMSR holds great promise for estimating soil water content in sparsely 
vegetated regions and is the best possibility in the near term for mapping soil water. Based on 
published results and supporting theory (Ahmed 1995; Njoku and Li 1999; Koike et al. 2000), 
this instrument should be able to provide information about soil water content in regions of low 
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vegetation cover, less than 1 kg m-2 vegetation water content.  The satellite launches are 
scheduled for 2002. 
 
As opposed to previous passive microwave satellite missions, Aqua and ADEOS-II will include soil 
moisture as a product. On Aqua it will be a standard product and on ADEOS-II a research product. 
The algorithm planned for use with Aqua is a variation of the multiple channel approach described 
in Njoku and Li. (1999). Several types of soil moisture products will be produced. These include a 
daily swath product and a global composite. The swath products include a retrieval of soil moisture 
for each pixel observed. Results will be composited to a standard grid to generate a global map of 
surface soil moisture with a nominal spatial resolution of 25 km. Following a period of 
calibration/validation period the soil moisture products should be available on a daily basis. 
 
For ADEOS-II, soil moisture is considered to be a research product and a single retrieval algorithm 
has not yet been selected. Four algorithms are under consideration (Koike et al. 2000). After launch, 
all of the algorithms will be evaluated and compared as part of the calibration/validation program. If 
one of these is considered acceptable it will be adopted as a standard product algorithm. The 
ADEOS-II AMSR will generate daily swath and global composite map products. 
 
Windsat will also include a multifrequency passive microwave radiometer system.  It will include 
the AMSR and other frequencies and will offer additional polarization options.  It is a prototype of 
one component of the next generation of operational polar orbiting satellites that the U.S. will be 
implement at the end of this decade.  Experience gained using these science missions will provide 
the basis for future operational products. 
 
Research programs are underway to develop and implement space-based systems with a 1.4 GHz 
channel that would provide improved global soil moisture information.  Toward that goal the 
European Space Agency is developing a sensor system called the Soil Moisture Ocean Salinity 
(SMOS) mission (Wigneron et al. 2000) and a U.S. team has proposed a mission called HYDROS 
to NASA under its Earth System Satellite Pathfinders program. 
 
SMOS will utilize two dimensional synthetic aperture radiometry at L band and will provide H 
and V polarization observations. The data collected during one integration period can be thought 
of as an image consisting of lines and pixels.  A key concept for SMOS is that the incidence 
angle of each pixel varies based upon its position relative to the spacecraft track.  For a given 
data take it is possible to select a subset of the available pixels within a specific incidence angle 
range, say 50o.  This process can yield a pseudo conical scanned product.  It is also possible to 
select all pixels at another individual incidence angle, which would yield a different subset of 
observations.  By using this idea it is then possible, over selected portions of the swath and data 
take, to obtain observations of an area on the ground at different incidence angles by using 
sequential data takes. As described in Wigneron et al. (2000), the multiple incidence angle 
observations of the surface is the key element of the soil moisture retrieval algorithm that is 
proposed for the mission.  The launch of the mission is anticipated in 2006. A minimum 
temporal coverage of 3 days is proposed depending on the latitude.  

 
HYDROS is an exploratory mission that will provide global measurements of soil moisture and 
surface freeze/thaw, focusing on regions where these are primary environmental controls. The 
sampling will be continuous, over the minimum mission duration of three years. HYDROS 
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would use an active and passive L-band instrument design for mapping at resolutions ranging 
from 3 to 40 km depending upon the product. HYDROS data will be merged with data from in-
situ networks and other satellites in a land data assimilation framework, providing value-added 
end products that will deliver the most comprehensive view yet of Earth’s land hydrosphere. Soil 
moisture will be estimated by HYDROS using the radiometer and radar data separately and in 
combination, taking advantage of the simultaneous, coincident, and complementary nature of the 
measurements. Both measurement types are sensitive to soil moisture directly. Radiometer 
measurements currently provide more accurate soil moisture estimates than radar under 
vegetated conditions due to the maturity of the radiometer-based algorithms compared to those 
for radar. Radar measurements provide a higher resolution capability and sub-pixel roughness 
and vegetation information within the radiometer footprint. The combination of simultaneous 
radar and radiometer data has the potential to improve the accuracy of soil moisture estimates 
over heterogeneous surface conditions. Soil moisture will be obtained using both absolute and 
relative change estimation approaches. 
 
Current Active Systems: At present, several radar satellites are in orbit (Table 1).  The 
European Space Agency (ESA) has operated a satellite SAR series called ERS since 1991, which 
provides C-band VV.  This satellite includes both a SAR and a scatterometer.  Although 
numerous investigations have been conducted that attempt to utilize ERS SAR data, few results 
have been reported in the area of soil moisture estimation.  This paucity is due to the limitations 
of using a single short wavelength and a single polarization SAR with an exact repeat cycle of 35 
days.  With this kind of temporal coverage, the data are of little value in process studies.  
 
The next satellite in the ERS series is called Envisat and will include a C-band SAR with 
multiple polarization capabilities.  It will also offer the option of varying the incidence angle to 
allow for different viewing angles and more frequent coverage if angle is not a critical parameter 
in the application.  
 
The Canadian Space Agency operates a C-band satellite SAR called Radarsat. Radarsat offers 
HH polarization and has more flexibility in its data-collection modes.  Options include a variable 
viewing angle and a wide swath (large range of incidence angles). These choices offer more 
frequent temporal coverage of a particular region of the Earth if angle is not important. 
 
Future Active Systems: Japan will include an L-band SAR called PALSAR on an 
upcoming satellite, the Advanced Land Observing System (ALOS). The lower frequency will 
offer information that is different from that offered by other satellite SAR systems operating at 
C-band.  PALSAR will have a multipolarization mode as well as varying incidence angles.   
 
Canada is developing RADARSAT-2, which will be similar to RADARSAT-1. As with the 
ASAR, it will be fully polarimetric and consequently, any possible polarization (including, but 
not limited to HH, VV, HV, and VH) can be generated along with phase information. The 
satellite will include a mode in which the spatial resolution is 3 m. The expected launch is in 
2003. 
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SUMMARY 
 

Soil moisture products based upon satellite microwave remote sensing have become a viable 
source of information for hydrologic modeling and analysis. New opportunities and improved 
products will be available within the next five years. Key issues to consider for applications are 
tradeoffs between desired temporal coverage and spatial resolution that are related to active and 
passive microwave systems. 
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Abstract: This paper initially examines historical hydrodynamic/hydrologic modeling efforts at 
the U.S. Bureau of Reclamation (Reclamation) that incorporate Geographic Information Systems 
(GIS) interfaces utilizing pre-COM (Component Object Modeling) environment technology. 
Relevant model integration techniques from a spatial analysis viewpoint are presented.  Examples 
of methods and results are viewable via hyper-linked images and animations. 
 
The implementation of COM architecture within commercial GIS software suites enables geo-
spatial features to be modeled as geometric objects. Reclamation is exploring the use of these 
objects in conceptual model development and GIS interface design.  
 
Focus will turn toward two projects where we are using ArcObjects1 Technology (Environmental 
Systems Research Institute, ESRI) to facilitate modeling. 
 

1. A joint effort between Reclamation and the State of California Department of Water 
Resources (DWR) has resulted in a new state operational planning model (California 
Simulation Model, CALSIM). Reclamation is taking the lead on the GIS based interface 
design on this project. The use of Geometric Networks to construct models, along with 
Active X embedding within a GIS environment are discussed. Results are 
presented/demonstrated. 

 
2. Reclamation has developed an ArcObjects based interface to the Danish Hydraulic 

Institute's (DHI) Mike11 model. Interesting aspects of the interface are explored, such as 
the advantages of representing solution surfaces as geometric objects and component 
architecture in general. 

 
In conclusion, we present the evolution of GIS based model interface design at Reclamation, and 
give current examples where the new ArcObjects technology is being applied in interagency 

                                                 
1 ArcObjects is a large collection of COM components designed by ESRI. These components are used to 
build GIS applications, including their primary user interfaces. 
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modeling efforts. A projection of where this technology may lead us is put forth, including the 
design of custom geometric objects and their applicability. 
 

 
 
 
 
 

INTRODUCTION: THE EVOLUTION 
 
Simulating Larvae Transport: In 1989, a group of Reclamation hydraulic engineers 
contacted MPGIS Service Center and posed a simple question: ‘Does the technology 
exist to link a GIS to a numeric model to facilitate visualization of results?’  In question 
was a branched 1-D hydrodynamic saline transport model that was designed to simulate 
transport of fish larvae.  
 
The procedure amounted to representing the reaches as geo-referenced vectors and the 
solution nodes as points on those vectors. The salt concentration at each point was related 
to model data at a given time and rendered. There was no user interface and no 
preprocessing involved.  
 
Saline transport model at day 20. Maps were generated with pen plotters: 
http://www.mp.usbr.gov/images/gis/day20.jpg 
 
As simple as it was, this opened the door to a number of other projects that are touched 
on below. Some of us, as GIS developers, were compelled to attempt total integration to 
subsequent numeric models, where the code is executed in the language of the GIS. 
While this proved to be overly optimistic at the time, mainly due to the sluggish 
execution speed of the GIS languages, this may soon no longer be the case, especially if 
the numeric code is expressed in a language such as C++ and the GIS is COM based. 
There is a project underway now (not addressed here) at Reclamation doing just that. 
 
A windowless world: In the early 90’s, the need to implement “windows like’ forms in 
ESRI software spawned a development effort by ESRI that essentially was a difficult to 
use, stand alone object oriented sub-system that could respond to mouse events and make 
procedural AML calls. Dubbed ‘Form Edit’, GIS developers were stuck with this 
inefficient method of programming, which really wasn’t object oriented programming at 
all. Two GIS interfaced modeling systems, DBI (Dam Break Interface) and GMI (Grid-
MODFLOW Interface), were developed at Reclamation using this technology. 
 
Example of cross section profiler (DBI) generated in Form Edit 
http://www.mp.usbr.gov/images/gis/dbi.jpg 
 
Viewing recharge layer in GMI- ArcInfo2 and Form Edit 
http://www.mp.usbr.gov/images/gis/GMI.jpg 
                                                 
2 ESRI’s professional GIS software- here referring to pre ArcInfo 8 
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Proprietary Languages: About that time, ESRI’s lightweight product, ArcView, was 
also released, which was built upon a proprietary object model developed specifically for 
it. This software had a somewhat cumbersome development environment called ‘Dialog 
Designer’. It was a move toward an object oriented software environment, however not 
enough of the object model was exposed for use, which required the developer to invoke 
not so elegant workarounds. Other problems were that it couldn’t communicate with any 
other product (i.e. wasn’t Active X) and lacked full-blown GIS functionality, which is 
desired in complex interface design. 
 
A revolutionary experiment: In Mid 1995, ESRI Map Objects model was introduced. 
This was an experimental project started by a small group of in-house developers 
interested in exploring what Microsoft’s COM architecture could do for them. A small, 
but very functional object model was built using COM compliant objects, which were 
manipulated using industry standard development environments. This project was so 
promising that ESRI decided to later migrate all of their software products in this 
direction.  
 
Examples of Map Objects interface to the WestSim3 Model: 
http://www.mp.usbr.gov/images/gis/WestSimMO.jpg 
MoWestSim2.jpg 
Automated finite element mesh generators in ArcInfo (WestSim Model): 
http://www.mp.usbr.gov/images/gis/MoWestSim2.jpg 
 
The birth of ArcObjects: By 2001, after 5 years of re-engineering, the introduction of 
the ESRI ArcObjects architecture using Microsoft’s COM has created a new environment 
for those utilizing Geographic Information Systems to interface with hydrologic and 
hydraulic models. While the relevance of ESRI’s platform migration as it relates to 
modeling is just beginning to be explored, a few impacts stand out now: 
 

1. Features (points, lines, polygons, etc) in the GIS are now stored in industry 
standard DBMS’s (Access, Oracle, Informix) and are manipulated as COM 
objects. These features are sometimes referred to as ‘geometric objects’, as their 
geometries possess geo-referenced4 coordinates and the objects themselves are 
accessed through exposed COM compliant interfaces. 

 
2. These geometric objects have intrinsic behavior, which can be extended or created 

using CASE tools. Additionally, these objects can respond to events, such as 
mouse functions or state changes of other objects. 

 
3. The programming languages used to manipulate this architecture is based on 

industry standard tools such as C++ and Visual Basic. The tools used to 
manipulate the geometric objects are the same tools used to develop the interface, 

                                                 
3  Western San Joaquin Simulation Model, U.S.B.R. 
4 The geometry is composed of elements that have coordinates admissible in a projected space. 
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which facilitates a much fuller development environment than was previously 
available. 

 
 
Some of the general aspects of two current projects at Reclamation are discussed below. 
It was decided that the GIS representations and user interfaces would be designed using 
ArcObjects. When starting endeavors of this nature, there is usually some discussion of 
whether to build a custom Geo-Database5 schema to design hierarchy and behavior 
within a tailored object model. This approach has clear advantages in many hydrologic 
applications, most notably the progress made by the GISWR consortium6. We are 
beginning to utilize UML7 designed Geo-Database architectures in our application 
development. We do find many times, however, that the ability to extend and manipulate 
ArcObjects using programming methods alone have provided sufficient functionality for 
our endeavors.  
 
An initial example: Reclamation has been using DHI’s MIKE product line since 1997, 
chiefly MIKE21, a two-dimensional hydrodynamic model. Protocols have been written to 
directly exchange data between MIKE Geo-Database formats and ArcObjects. This has 
proved to be a powerful couple in the analysis of various hydrodynamic problems, most 
notably our flood inundation studies. 
 
This is a MIKE21 visualization of maximum inundation in ArcScene8. Building footprints 
were assimilated from 160 CAD drawings using ArcObjects routines, then extruded onto 
the 2-foot contour based elevation model by height: 
http://www.mp.usbr.gov/images/gis/Mike21_2.jpg 
http://www.mp.usbr.gov/images/gis/Mike21_4.jpg 
 
Mike21 low flow test scenario view in ArcScene- box with gate suddenly removed: 
http://www.mp.usbr.gov/images/gis/Mike21LoFlo.jpg 
 
ArcObjects generated animation using dual embedded map controls: 
http://www.mp.usbr.gov/images/gis/Animation1.gif 
 

 
CALSIM IIi: AN ARCOBJECTS INERFACE TO THE CALSIM MODEL 

 
The California Department of Water Resources (DWR) and the Bureau of Reclamation 
Mid-Pacific Region are involved in a joint effort to develop a model for water resources 
planning and management applications of the State Water Project and Central Valley 
Project. At first, the only physical representation of the model was a CAD stick diagram, 
so there was considerable interest to represent the node/reach structure of the model 

                                                 
5 ESRI new database to store spatial objects at ArcInfo Version 8 
6 The GIS Water Resources Consortium, focus on Geo-Database Model for Rivers and Watersheds 
7 Unified Modeling Language 
8 An ArcObjects application for 3D visualization  
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network in a GIS. In this approach, model elements were broken out into separate feature 
classes- e.g. channel reaches in one feature class, diversion nodes in another, and so on.  
 
The use of geometric networks: This would perhaps be standard practice in a pre-COM 
based GIS except for this: An individual geometric object in one feature class can be 
given connectivity rules, which associate another object in another feature class based on 
coincidence testing of their geometries. These associations can take many forms, but a 
standard, highly useful one is the so-called ‘Geometric Network’- geometric because it is 
composed of geo-referenced geometries, and network because the geometries can 
participate in a logical network, upon which complex network operations can be realized. 
 
We implemented geometric networks within the CALSIM model for two reasons:  
 

1. Many of the CALSIM network elements did not have a clear position in space, so 
it was desirable to have a system where we could position the network roughly, 
and subsequently adjust the network without losing connectivity. For example, if 
we wanted to reposition a node, all of the branches connected to that node would 
‘rubber band’ with it. This functionality is a result of these objects being able to 
establish event driven messaging. 

 
2. There was a requirement to be able to run network-tracing algorithms both 

upstream and downstream from any point. 
 
Object relationships and messaging- Rubber banding a finite element mesh: 
http://www.mp.usbr.gov/images/gis/Rubberbanding.jpg 
 
ArcObjects Implementation: A system was developed to interactively add network 
elements in an ArcMap9 edit session. ArcMap is ESRI’s front end to ArcInfo 8, and is 
itself an application built out of ArcObjects. ArcMap is currently used in all of our model 
front ends because any use of ArcObjects requires an ArcInfo license, so the idea is to 
take advantage of an already developed ArcObjects based GIS, and add your own 
functionality. By manipulating the ArcObjects components in Visual Basic or C++, a 
DLL10, which provides the desired functionality, can be inserted into the application 
framework.  
 
A combo box11 allows selection of the network element to be added, and a tool is 
activated which immediately tests the combo box for its setting. The appropriate snap 
tolerances to ensure network connectivity are set, and the element can be inserted into the 
network. This triggers another form where attributes can be added (e.g. reach ID, reach 
name). The entire CalSim network was built using these custom tools. 
 
View of geometric network. Network building tools are lower left, a component for 
magnification top right. 

                                                 
9 ArcMap is ArcInfo 8 user interface 
10 Dynamic Link Library or COM server 
11 An ActiveX control that presents a dropdown selection list when clicked 
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http://www.mp.usbr.gov/images/gis/NetworkTools.jpg 
 
The COM methodology facilitates event driven programming, which enables these 
network elements to respond to state properties of other objects or mouse events. 
For example, a mouse hovering over a model node can trigger a form, which houses an 
ActiveX graphing control that displays the hydrograph for an entire model run. This 
control has it own inherent functionality (zoom, pan) that has nothing to do with 
ArcObjects or the numeric model itself. 
 
Some current research: clicking on a network node triggers a COM component that 
graphs time series data, which displays a hydrograph associated with that node: 
http://www.mp.usbr.gov/images/gis/Hydrographs.jpg 
 
CalSim currently is using DSS12 to I/O time series data. However an effort is underway 
between DWR13 and USBR to examine other database technologies. We are testing 
Informix Time series Datablades against ArcObjects and DSM214 numeric engine I/O 
routines. The motivation behind this is twofold- to allow the GIS systems more direct 
access to time series data types and bring these data types into a more modern enterprise 
environment that supports traditional database structures without forfeiting the power of 
relational databases.  

 
 

M11i – AN ARCOBJECTS INTERFACE 
TO THE MIKE11 HYDRODYNAMIC MODEL 

 
Reclamation’s Safety of Dams program generates inundation maps depicting possible 
failure scenarios for its large facilities. Various models have been used to support these 
efforts, namely HEC, DAMBRK, MIKE21 and MIKE11.  GIS interfaces have been 
developed to various degrees for each of these. However recently Reclamation entered 
into CRADA15 agreement with DHI Water and Environment16 to transfer technology 
between the two entities. The goal is to work toward the design of an ArcObjects based 
GIS connectivity to MIKE11.  
 
The project on Reclamation’s end is named M11i17, which essentially consists of a pre 
and post processor. ArcMap is the GUI that accesses a COM server consisting of 14 
classes and many modules. Some of the more interesting features are noted below. 
 
Generation of Cross Sections:  One of the tools in the M11i preprocessor allows 
transects18 to be placed on digital elevation models to generate cross sections. In the 
ArcObjects model, geometry is stored as an ordered set of points in a binary object that 
                                                 
12 Hydrologic Engineering Center’s Data Storage System 
13 California Department of Water Resources 
14 Delta Simulation Model 2 
15 Cooperative Research and Development Agreement 
16 Danish Hydraulic Institute Water and Environment 
17 Mike11 Interface 
18 Used here as a line used to sample elevations to create a cross section 
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resides in a table record item. The database schema defines the geometry type (point, 
polygon, line) and also whether the ordered set of points can possess Z values. After the 
transect is drawn, Visual Basic code samples the elevation model and assigns Z values 
along the geometry at a specifiable distance.  
 
The point here is that the elevations are stored on the geometric object itself, which allow 
for efficient management: delete the cross section; the Z information is also deleted. If 
the cross section is viewed in ArcScene, it comes in 3D because it is a 3D object. 
 
Overview of transects which sample the terrain model to generate cross sections: 
http://www.mp.usbr.gov/images/gis/GeneralTransects.jpg 
 
The use of geometric networks: M11i initially used geometric networks organize the 
pre-processing data required to pass to MIKE11. The requirement for some type of 
network connectivity arose from the fact that an input file to MIKE11 required the 
definite ordering of the cross sections (and other objects) along the streamline. Currently, 
we are implementing direct access of MIKE11’s ActiveX controls to the Geo-Database 
where the network features reside, which is turning out to be a more direct method. 
 
Generation of Solution Surfaces and Water Depths resulting from a MIKE11 run: 
One of the most appealing aspects of using GIS’s in water modeling is the ability to map 
model results, and one of the most difficult aspects is getting it to work correctly. 
Mike11, being a one dimensional flow model, solves for (among other things) various 
flow parameters as a function of time along the river line. In the field of inundation 
mapping, maximum water depths are of immediate interest. Generally, a two-dimensional 
solution surface (e.g. water depths) is generated and compared to the elevation model to 
create the final inundation boundary with water depths. 
 
Comparison of TIN surface with elevation model: 
http://www.mp.usbr.gov/images/gis/Comparison.jpg 
 
The need for human interaction:  As forthright as automatic mapping of one-
dimensional solutions into a two-dimensional water surface seems, it is only through 
bitter experience that we finally realized that some human interaction, from a practical 
standpoint, is required. The problem centers on the fact that points along a river 
centerline (one-dimensional) are not always sufficient to adequately define a water 
surface (two-dimensional) without some human interaction. 
 
So in M11i methodology, the creation of the solution surface amounts to successive 
refinement to the surface rather than trying to create it in one shot. This led to the 
development of a system whereby interactively added geometries can be placed into the 
interpolator to modify the solution surface. In this way, expert knowledge can be 
leveraged toward a solution. 
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Choosing an Interpolator: Exact interpolators such as TINs19 have lent themselves to 
this methodology. An assumption can be made, for example, if we are looking at 
maximum water levels, that the water surface is constant along a cross section’s transect. 
What we really want is an interpolator that will produce a linearly varying plane between 
two adjacent cross-sections (and the interpolated cross sections). 
 
If one densifies the transects at an arbitrarily small interval, and assigns Z values to the 
new vertices equal to the water surface, then a TIN interpolation will generally yield an 
interesting result: the Delaunay20 triangles come out very thin. M11i’s interactive TIN 
interpolator is designed to manipulate the thin triangles to enforce a rule: The triangles 
should generally line up with the flow lines to enforce a defensible interpolation.  
 
Visualization of solution surface and thin Delaunay triangles: 
http://www.mp.usbr.gov/images/gis/MIKE11SolutionSurface.jpg 
 
Dynamic TIN Editing using ArcObjects: Additional editing of the solution surface is 
almost always necessary. A tool has been developed which allows for the addition of 
hard break lines and mass points, where you can specify a value or take a value off of an 
already existing geometry or model solution point (transects don’t exist at all model 
solution points). The idea is this: each time a new geometry is interactively added to the 
tin, a new TIN surface is generated, the tin is converted to a raster, and subsequently the 
elevation raster is subtracted from it, producing a new inundation surface (where the 
raster values are positive). In M11i, because ArcObjects allows for manipulation of 
subsets of TINs and rasters, this all happens in a few seconds. 
 
The use of ArcObjects programming provided valuable benefits here. First, an interface21 
known as ItinEdit allows for on-the-fly updating of the tin surface. When a geometry 
with a Z value is added, new TIN triangles are generated around it. An envelope 
containing the altered triangles can be obtained, and the subtraction between the TIN 
surface and the elevation raster22 (to give water depths) is evaluated on the interior of the 
envelope only. Subsequent display invalidation23 inside the envelope updates the water 
depths visually. The result is that the changed water depths of the added geometry are 
rapidly viewed because the operations occur on the TIN and elevation raster locally. 
These geometries are deleted/visualized in a similar fashion. 
 
Initial Interpolation of densified transects that contain water surface Z values: 
http://www.mp.usbr.gov/images/gis/FirstCut2.jpg 
 
First interpolation adjustment: interpolation transects (in pink) are added to enforce 
intermediate solution points:  

                                                 
19 Triangular Irregular Network 
20 A proximal triangulation method with the constraint that a circle drawn through the three nodes of a 
triangle will contain no other nodes. 
21 This is a COM interface 
22 A memory resident, two dimensional array- elevations or water depths in our case 
23 An object oriented term meaning the display bitmap is refreshed (invalidated) 
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http://www.mp.usbr.gov/images/gis/Interpolation1.jpg 
 
Second interpolation adjustment: interpolation transects added to inundate small non-
modeled area (this is a steady state scenario, so in reality it would inundate, even though 
it wasn’t modeled): 
http://www.mp.usbr.gov/images/gis/Interpolation2.jpg 
 
Third interpolation adjustment: hard erase polygon added to take out a pool that was 
inundated as a result of the water surface/elevation comparison: 
http://www.mp.usbr.gov/images/gis/HardErasePool.jpg 
 
Forth interpolation adjustment: More hard polygon erasing performed: 
http://www.mp.usbr.gov/images/gis/HardEraseMore.jpg 
 
 
 

THE FUTURE: SOME THOUGHTS 
 

Many years ago we attempted to recreate the MODFLOW engine completely within a 
GIS using Gauss-Seidel iterative techniques24. These algorithms were programmed using 
GRID map algebra, which worked but was too slow. The appeal was that the 
mathematics operated directly on the GIS layers, somewhat abandoning the pre/post 
processor syndrome. ArcObjects is going to re-open research in this direction. In COM 
programming, these geometric objects are referenced by pointers25, which can be 
manipulated very rapidly in C++ and Visual Basic. 
 
Model interface design has become more flexible. For example, an existing COM based 
interface to a numeric model can embed GIS components, thereby adding functionality to 
an existing non GIS enabled application. Or alternatively, an existing COM based 
interface can be embedded within an ArcObjects GIS application such as ArcMap. 
 
The effect of this fusion will begin to blur the distinction between pure numeric models 
and their corresponding spatial (GIS) representations. This is a real good thing for 
modeling in general. There is no question that conceptual design and numeric methods 
dominated hydrodynamic modeling focus in the last century- and rightly so. But just as 
important today is our understanding of spatial representations of these models for data 
management, quality control, interface design, analysis, and deeper insight. In general, if 
both sides aren’t correct, the whole thing probably isn’t correct.  
 
Model interfaces embedded in web pages are in our future. With the advent of ArcIMS26 
technology, the ability to change parameters and execute small models remotely is 
certainly within reach. California State and Federal water agencies are seriously looking 
at the potential for interested stakeholders to become more involved with modeling 

                                                 
24 Ground Water Concepts, USGS Training Course, Numerical Analysis Problem Set 
25 A pointer contains the hexadecimal address of the starting point in memory and its data type 
26 Arc Internet Map Server- serving interactive GIS maps on the web 
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processes via web technology. For example, if a water district could perform simple 
‘what if’ scenarios that model consumptive use of water for their own areas, it could 
perhaps facilitate a closer relationship with government. 
 
ArcIMS web page about to run a query on the DSM2 model: 
http://www.mp.usbr.gov/images/gis/ArcIMS.jpg 
 
Actual ArcIMS Website- you can run your own queries: 
http://mpims.gis.mp.usbr.gov/website/dsm2 
 
 
One last thought: GIS objects are going to be the solution elements of hydrodynamic 
models, not variables as we have now. This is going to bring about new ways to solve the 
differential equations. For example, if we look at a solution point in a groundwater 
model- it has volume, head, conductance, etc. (properties) and it responds to variations in 
its immediate neighbors (methods, events); it is an object. Why not explore this more 
natural frame of reference?  
 
The times are exciting- and there is no doubt that numeric modelers and GIS developers 
working together will lead many aspects of hydrodynamic modeling into the new 
millennium. 
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Abstract:  The National Elevation Dataset (NED) contains the best publicly available elevation 
data merged into a seamless dataset for the entire United States.  In some cases these data  
contain unwanted artifacts, limiting the quality of standard hydrologic derivatives.  The 
Elevation Derivatives for National Applications (EDNA) project is an interagency effort with the 
goal of developing a more hydrologically correct version of the NED.  This improved NED will 
be used in the systematic derivation of standard hydrologic derivatives.  Methods and tools have 
recently been developed to facilitate the semiautomatic creation of a hydrologically conditioned 
NED and hydrologically improved derivatives.  
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INTRODUCTION 
 
Elevation data have become an increasingly important type of spatial data for applications 
ranging from visualization to hydrologic modeling.  The National Elevation Dataset (NED) has 
helped many users reduce preparation time by providing elevation data in a pre-processed form.  
The seamless, edge matched, and filtered nature of the NED makes it a convenient source of 
elevation data and provides the best available, standard U.S. Geological Survey data for the user 
community (Gesch, et. al., 2002). 
 
Although the NED is continually updated to include higher quality and higher resolution data, 
the NED dataset may not meet the hydrologic accuracy requirements of some applications.   The 
goals of the Elevation Derivatives for National Applications (EDNA) project are to create a more 
hydrologically correct version of NED and to use the conditioned dataset to create a standard 
hydrologic derivative database.  The EDNA database will provide elevation data more suitable 
for hydrologic applications and will eliminate the pre-processing previously required to generate 
standard derivatives.  
 
Methods and tools have been developed that make it possible to create hydrologically 
conditioned elevation data from the NED.   This paper provides examples of problems 
encountered with the NED during the EDNA conditioning process and illustrates the theory 
behind and use of these methods and tools. 
 

NATIONAL ELEVATION DATASET (NED) 
 
The National Elevation Dataset (NED) is a seamless, digital elevation model (DEM) with 
coverage of the entire United States, Puerto Rico, U.S. Virgin Islands, and U.S. territories. The 
NED was developed from individual 7.5-minute DEM's produced by the USGS with the goals of 
improving data access and minimizing the need for pre-application processing.  Figure 1 shows a 
shaded-relief rendering of the NED for the conterminous U.S.  
 

 
Figure 1.  Shaded relief rendering of the NED. 
 

 2



The NED is updated bimonthly to provide the best publicly available data to the user community. 
It is constructed with a consistent datum, elevation unit, and projection.  NED data are also edge 
matched and filtered (Oimoen, 2000) to ensure seamless continuity and minimize artifacts. 
Figure 2 illustrates the flow patterns across a DEM surface before and after the filtering process.  
 

 
Before       After 

 
Figure 2.  Flow across a DEM surface can be greatly improved after edge matching and filtering.  
 
Currently, the conterminous U.S., Hawaii, Puerto Rico, and Virgin Islands are distributed with a 
one-arc-second cell size (approximately 30 meters) while Alaska is distributed with a two-arc-
second cell size. Future plans include the incorporation of new data sources that will further 
increase data quality and resolution.   More detailed information about the NED 
(http://edcnts12.cr.usgs.gov/ned/) can be found online. 

 
ELEVATION DERIVATIVES FOR NATIONAL APPLICATIONS (EDNA) 

 
The Elevation Derivatives for National Applications (EDNA, http://edcnts12.cr.usgs.gov/ned-h/) 
project is a multi-agency effort that takes advantage of the seamless and filtered characteristics of 
the NED. The goals of the project are to create a hydrologically conditioned NED dataset, 
systematically create hydrologic derivatives, and vertically integrate these data with other spatial 
datasets such as the National Hydrography Dataset (NHD, http://nhd.usgs.gov/).  
 
EDNA data development occurs in three stages, the first of which uses semi-automated 
techniques to create preliminary derivative data from the unconditioned NED elevation data. The 
second stage uses the Stage 1 data, within a set of ArcView tools, to create preliminary 
watersheds and subwatersheds and to identify and flag discrepancies between the Stage 1 
derivative data and existing data sets that portray true hydrologic features. Data and information 
created in Stage 2 are used in Stage 3 to develop a hydrologically conditioned NED dataset. 
These data are then used to create a more hydrologically correct derivative database.  The 
creation of accurate hydrologic derivatives will facilitate vertical integration of the final EDNA 
data with the NHD and other datasets.  
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Stage 1 processing has been completed by the National Weather Services’ National Severe 
Storms Laboratory and the USGS.  Processing utilized well tested GIS techniques to create 
derivative data, including initial synthetic streams and reach catchments (drainage areas 
corresponding to each stream in the synthetic streamline coverage). Stage 1 processing was 
completed during the spring of 2002.  
 
Data processing for Stage 2 utilizes the local expertise of many cooperators across the country to 
help identify and delineate watershed and subwatershed boundaries (Kost and Kelly, 2001). 
Local expertise is also an important component in the discrepancy identification and flagging 
process. Cooperators include Federal, State, and local agencies, private organizations, and 
academia. The watershed and subwatershed delineations created in Stage 2 are used by many of 
these cooperators for various applications and will be used in a Federal, multi-agency effort to 
develop the Watershed Boundary Dataset.   
 
Stage 3 processing is directed at utilizing the flagging information from stage 2 and recently 
developed algorithms to create a hydrologically conditioned DEM dataset.  Tool development 
has been comprised of creating algorithms for quickly and efficiently modifying the DEM data 
so flow derivatives more accurately represent natural surface flow.  Utilities designed thus far 
utilize various methods for modifying elevation pixel values in specific, limited areas of 
discrepancy. 
 

ERROR IDENTIFICATION AND FLAGGING 

Discrepancy identification is required prior to DEM conditioning.  Currently there are two 
primary methods used for flagging discrepancies.  One of these utilizes algorithms that 
automatically identify possible problems by using distance threshold and intersect criteria.  The 
other uses down stream traces from NHD end points and synthetic catchment/NHD stream fit 
criteria to help in identifying areas of discrepancy (Worstell, 2001).   
 
Discrepancy Examples:  Due to data and resource limitations it is neither possible to find nor 
practical to address and fix all discrepancies that may exist between the DEM data and reference 
data sources.  Because of this, identifying stream or ridgeline discrepancies of sufficient 
magnitude or importance to require resolution can be a very subjective task.  Algorithms have 
been developed to help reduce the degree of subjectivity involved in the flagging and subsequent 
DEM conditioning process.  The following sections discuss these algorithms.   Figures 3 and 4 
illustrate some of the common types of problems encountered during the process. 
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Figure 3.  Within flat or low relief areas, elevation data does not have the accuracy or precision 
necessary to determine proper flow direction (in part due to the need to “fill” sinks).  Using Stage 
3 tools it is possible to modify the flow to mimic NHD centerlines or other desired flow paths. 
 

 

Figure 4.  Inaccurate ridge elevations affect both stream flow and watershed boundaries. 

Automated Discrepancy Identification:  In order to reduce some of the subjectivity and 
potential to over look problems in the discrepancy flagging process, algorithms were developed 
and incorporated in both the Stage 2 and Stage 3 tools.  Both of the tool sets were developed with 
ESRI’s Avenue programming language and are automatically run by depressing a single user 
interface button. 
 
The discrepancy identification algorithm uses EDNA, NHD, and existing hydrologic unit 
boundary data in the identification process.  Four different types of problems are identified and 
layers are created for each so that the Stage 2 analyst can examine each area and create flags as 
necessary.  Three of the problem layers include; arcs indicating NHD and subbasin intersections, 
synthetic stream and subbasin intersections, and NHD and subwatershed boundary (developed in 
Stage 2) intersections.  Boundary intersections can help identify possible problems with 
ridgelines.  The fourth layer indicates where synthetic and NHD streams are separated by a 
distance greater than a specified threshold (i.e. 90 meters), indicating possible flow path 
problems.  While the discrepancy layers help to identify problems, it is still up to the analyst to 
verify the correct flow and document the problem so that it can be corrected in the Stage 3 
conditioning process.   Local knowledge and ancillary data are used in the verification process.  
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NHD Downstream Trace:  Another means of identifying discrepancies is by using a synthetic 
stream network and catchments that are developed from NHD stream endpoints.  Standard 
EDNA synthetic stream networks are defined using a constant contributing area threshold to 
distinguish overland flow from stream flow. The NHD based dataset provides a cartographic 
representation of stream networks. A downstream trace from the NHD endpoints creates a new 
synthetic network that more closely mimics the NHD dataset, but the two datasets have varying 
degrees of spatial agreement. 
 
Catchments based on the new synthetic network are used to match and measure agreement 
between the EDNA and NHD stream networks. Ideally, there is a one to one correspondence 
between the two networks. The reality is that confluences may not agree or a synthetic path may 
significantly deviate from its NHD counterpart. A simple overlay analysis is used to determine 
NHD reach membership in each catchment and to identify flow path discrepancies.  Figure 5 
provides an example of where an NHD downstream trace deviates from the cartographic network 
stream.   
 

  

Figure 5.   NHD downstream trace helps to indicate where the synthetic flow may be incorrect 
and subsequently cause the creation of an incorrect catchment boundary. 
 
Polygon And Line Flag Layers:  Once the problem identification layers have been generated, 
the stage 2 analyst can use the information, as well as ancillary datasets (e.g. digital raster 
graphic maps, digital orthophoto quadrangles, etc.), to quickly move into a specific area and 
verify if a significant problem exists.  If a problem exists (be it with the synthetic stream, 
boundary, subbasin boundary, or NHD) the analyst would flag it using a flagging tool.  This tool 
allows the analyst to create an attributed polygon around the area.  Attributes can then be added, 
through a pop-up form, which describe the problem and the required solution.  A line flag can 
also be generated which can be used to draw proper flow paths or boundaries when other 
ancillary data do not exist or are incorrect. 
 

HYDROLOGIC CONDITIONING TOOLS 

The hydrologic conditioning tools were developed using Avenue within ArcView.  The Spatial 
Analyst extension is required in order to use these tools.  ArcView was chosen for tool 
development because of the desire to have a developer and user-friendly interface.  Future work 
will be geared toward moving current and future conditioning tools into the ArcGIS, VBA  
(Visual Basic for Applications) environment and in further automating the editing process. 
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Tool Organization and Documentation:  DEM data, no matter the underlying topography or 
data quality, inevitably contains problems, which affect the extraction of hydrologic derivatives.  
The Stage 3 tools were developed to address each of the most common types of problems and 
were subsequently organized according to the problem they help to address.  Organization 
includes separate view categories for each of the tool types.  As each of these views is made 
active and populated with data, the associated buttons and tools, unique to the specific problem, 
are activated for use.  Figure 6 shows the different view categories. 
 

 

Figure 6.  DEM conditioning views and tools are organized by function.   

Documentation has also been developed and is included in the ArcView help system.  Topics are 
available for everything from the general organization of the tools to descriptions of each tool, 
including examples of where it might be used.    
 
Data Requirements:  Initial development of the DEM conditioning tools has been within the 
context of the EDNA project.  For this reason they have been developed to work with specific 
datasets related to EDNA.  While the underlying functionality of the tools can work with any 
grid source, at present EDNA related datasets are required.  Table 1 lists the data used within the 
tools. 
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Data Load And Tool Selection:  If all required data are in a single directory it can be loaded 
automatically into a “Stage 3 Data View” by depressing a single button.  The new view is the 
starting point for all subsequent editing operations.  From this view three operations can be 
performed.  These include creation of  “Flagging”, “Watersheds”, or editing views determined by 
which tool is selected. 
 
Flagging View:  Data required for automated discrepancy identification is loaded after this view 
is created.  By making this view active, the user can run the automatic problem identification 
algorithm described earlier.  The created discrepancy layers can then be readily loaded into any 
desired editing view.  
 
Watersheds View:  After a new, hydrologically conditioned DEM has been created it becomes 
possible to regenerate watersheds and subwatersheds.  New delineations can be created by using 
the stage 2 seeds (points representing stage 2 watershed outlets) edited to match the 
hydrologically conditioned DEM flow accumulations.  Watersheds can also be generated by 
using delineation data from different sources than EDNA.  Individual basins can be created as 
well by clicking on any flow accumulation (stream) cell. 
 
Editing Views:  Hydrologic conditioning is initiated by specifying an extent, within the Stage 3 
Data View, that will be the local area of analysis.  By selecting a smaller area, processing time is 
substantially reduced and data management is less cumbersome.  Once an extent is specified the 
user is asked to select the desired tool.  After the tool is selected a new view is created within the 
specific tool category (Cell Edits, Sinks, Obstructs, or Flats) and the required data are loaded.  A 
polygon shapefile is also created in the Stage 3 Data View, which indicates the tool and the 
number of the editing view created (e.g. C1 for Cell Editing view number 1). 
 
Tool Theory And Usage:  DEM data inherently have problems accurately depicting flow in 
certain situations.  The most predominant types of problems deal with obstructions, low relief 
areas, and sinks.  The discussion below discusses the tools and how they can be applied to 
correct problems associated with these data issues. 
 
Obstruction Clearing:  Highway overpasses, dams, and other obstructions can cause  
flow across a DEM surface to be blocked from following the natural flow path.  In these cases, it 
is desirable to create a path through the obstruction to allow for a proper flow path.  The purpose 
of this tool is to modify the DEM such that the proper flow pattern will be maintained through 
the obstructed area.   Figure 7 shows an example where an overpass has caused flow to follow an 
erroneous path.  
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Figure 7.  Example area where overpass elevations have caused incorrect flow. 

The theory behind this tools operation is based on flow enforcement and iterative elevation 
modifications.  The user first selects the cartographic stream that represents natural flow.  The 
stream is then used to identify underlying grid cells for subsequent processing.  These grid cells 
are first set to “no data”, which serves to enforce flow in the grid toward the cartographic stream. 
The second processing step involves iterating through the original underlying cell values, from 
upstream to downstream, and modifying the value when necessary to ensure a monotonically 
decreasing elevation.  This step serves to “cut” through any obstruction that may be impeding 
flow.  The final step is to merge the new flow path elevation values back into the original DEM.   
Figure 8 shows the new DEM after the patch grid creation and merge back into the original. New 
synthetic streamlines are also shown compared to the cartographic representation. 
 

 

Figure 8.  Resulting streamlines from the new DEM. 

Flat Modification:  Typically, in areas of low relief, neither the accuracy nor the resolution of 
the existing digital elevation data is adequate to accurately delineate the streamlines that pass 
through the relatively flat areas.  However, in these same areas, the NHD usually contains a 
reasonably accurate delineation of the streamlines.  The objective of using the flats tool is to 
adjust the flow direction grid to improve the flow so that it more closely matches flow as 
represented by the NHD.  Since this tool deals with the flow direction grid and not the original 
elevation grid, its use is limited to providing a new flow direction grid only and does not relate 
directly back to the original elevation data. 
 
The modified flow direction grid creation process begins by utilizing a selected cartographic 
stream to define the desired flow path.  A new grid is then created with the original elevation 
values maintained underneath the cartographic stream and artificially high elevations elsewhere. 

 9



This ensures flow directions toward the cartographic stream.  A new flow direction grid is then 
created, which produces synthetic streams along the cartographic stream path.  A flow direction 
patch can then be created containing the modified flow direction grid cells along the desired flow 
path. This patch can then be merged back into the original flow direction grid.   Figure 9 
illustrates the effect that a modified flow direction grid has on synthetic stream  generation. 
 

 

Figure 9.  Flow direction modifications can work well for creating new synthetic streams that 
more closely match cartographic representations.   
 
Sink Clearing:  Source data (e.g. map contours) and production methods sometimes cause 
imperfections to be translated to DEM data.  These errors sometimes take the form of spurious 
“sinks”, which can cause problems during generation of flow direction and accumulation grids.  
In order to create continuous flow, DEM data have to be “filled” which can affect both “real” 
and “spurious” sinks.  The primary problem with the filling process is that real sink features can 
be filled and low lying topographic detail is sometimes lost.  The objective of this tool is to 
“clear”, rather than fill, these sinks so that more topographic detail is preserved in the low areas 
while continuous flow is maintained. 
 
After defining an extent containing a problem sink or sinks and creating a new edit view, the sink 
clearing process can be initiated.  The clearing algorithm uses an iterative process by which the 
elevation of the controlling pixel of the sink, in the original grid, are modified to the minimum 
elevation of its eight neighbors.  This will allow that pixel to drain to its neighbor once it has 
been filled again.  The algorithm iterates until the area of the sink has been reduced to a specified 
number of pixels (e.g. 100).  The smaller the desired sink area the more iterations and 
subsequently the more processing time required.  After the cleared grid has been generated a 
patch grid can be created that contains the modified grid cells.  Figure 10 illustrates the effects of 
having a cleared sink on newly generated streams. 
 

  

Figure 10.  Effects on stream generation after performing sink clearing.   
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Cell Editing:  The cell editing tool is comprised of three different sub categories of tools.  All 
are accessible once a cell editing view is created.  The first is a simple, single cell editing tool; 
the second is a streamline based editing tool; and the third uses a focal statistics algorithm to 
change underlying cell values beneath selected cartographic streamlines.    
  
If it is determined that only a few cells need to be modified, the single cell editing tool should be 
used. The tool includes a button for querying elevation values from an active grid.  This tool is 
useful for identifying cells that may have to be modified.  Once cells have been identified that 
need to be edited, the user selects the cell edit tool button.  When the user now clicks on a cell to 
be modified a dialog appears showing the original DEM value and allows the user to enter a new 
value.   When the value is accepted a point is created and added to a generated point shapefile.  
As additional cells are clicked on for modification, more points are added to the shapefile.  The 
shapefile helps to identify which cells will be modified while still giving the user the ability to 
finalize the changes prior to actually creating a new grid. 
 
Once all points have been created and accepted as desired cell edits, the point-to-grid button can 
be depressed.  This button converts the points into a new grid with the new elevation values.  
Once this grid is created it can be merged back into an existing DEM grid.  New streams and 
shaded relief can then be created to verify that the results of the edit(s) are as expected.  
 
The streamline editing tool is similar to the single cell editing tool except that it uses a user 
specified cartographic stream segment to create points.  It also gives the user the option of 
entering a new elevation value for the entire segment or dropping the elevation value(s) by some 
specified amount.   
 
The third cell editing tool is similar to the streamline editing tool in that it uses a user selected 
streamline or streamlines as input for creating point shapefiles that are subsequently converted to 
a new patch grid.  The primary difference with this tool is in the way that the new cell values are  
generated. 
 
This tool modifies the selected cartographic streamlines underlying cell values by replacing them 
with those generated within a focal statistics grid.  This grid is created by finding the minimum 
cell value of the original DEM that lies within a block neighborhood, which is specified by the 
user, and putting this value into a generated streamline grid.  Figure 11 shows an example 
showing the selected NHD stream (red), the original synthetic streamline (cyan), and the new 
synthetic streamline (blue) generated from the focal stats grid merged with the original DEM. 
 

 

Figure 11.  Resulting synthetic streamline (blue) after using the focal stats cell editing tool. 
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SUMMARY AND CONCLUSIONS 

Elevation data has an important role in topographic science investigations.  The NED offers a 
source of elevation data that provides a consistent datum, elevation unit, and projection and frees 
the user from having to perform many pre-application processing tasks. 
 
While the NED is a very useful dataset, in some cases the hydrologic accuracy may not meet 
certain user requirements.  In these cases, it becomes desirable to have an elevation dataset that 
can more accurately depict surface flow.  The goals of the EDNA project are to create a 
hydrologically conditioned elevation dataset and derivatives that can easily be implemented in 
applications requiring more hydrologically correct elevation data. 
 
An ongoing activity within the EDNA project has been to develop the methods and create the 
tools needed to edit or condition the elevation data included in the EDNA database.  Many tools 
have been developed that allow the user to create elevation edits, which can be merged back into 
the original elevation data to create a hydrologically conditioned dataset.   
 
Future work within the EDNA project will include refinement of existing tools as well as the 
development of new ones.  It is also anticipated that efforts will be made toward further 
automating the editing process.  If further automation is successful, it will allow for the quicker 
development of the EDNA database while maintaining the highest degree of elevation 
information integrity.  
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ABSTRACT:  The United States Department of Agriculture, Natural Resources 
Conservation Service (NRCS) is active in promoting environmental improvement 
through wise management of soil, water, animal, and plant resources. 
 
The Agricultural Non-Point Source Pollutant Model system (AGNPS) was developed by 
Agricultural Research Service (ARS) and NRCS scientists and engineers.  It predicts soil 
erosion and nutrient transport/loading from agricultural watersheds for real or 
hypothetical storms.  The model computes a continuous long-term water balance with a 
daily time step.  Erosion modeling is built upon RUSLE applied on a storm basis.  The 
hydrology is based on the Soil Conservation Service Curve Number technique. 
 
The model may be applied to a watershed, which is divided into smaller spatial elements. 
Each element requires parameters (coefficients) to describe its physical characteristics 
(e.g. soil type and slope steepness) and management practices. 
 
A Geographic Information System (GIS) offers a good means of collecting and 
manipulating data required by the AnnGNPS model.  An ArcView Interface was 
developed to automatically estimate most of the data required by the AnnGNPS model.  
These data were generated from three main sources (files): 1) Digital Elevation Model 
(DEM) data from the USGS, 2) digital soil mapping units from the Soil Surveys, and 3) 
digital land cover/use.  The output generated by the model then can be graphically 
displayed using ArcView GIS, to reveal the locations containing the specific soils/land 
cover of the estimated vulnerability ranking. 
 
                                             INTRODUCTION 

 
        Agricultural non-point source (NPS) pollution problems came to the national awareness in 

1960’s.  The 1970 Clean Water Act (CWA) and its subsequent amendments clearly 
considered NPS pollution as one of the most serious water quality problems.  The new 
Food Quality Protection Act (FQPA), coupled with growing interest in quality of surface 
water at both the state and federal level, is requiring that water quality issues be examined 
with a new perspective.  Both existing and emerging technologies are becoming available 
to help predict the effects of land use and land management on sediment and chemical 
loadings to streams and lakes.  A watershed-scale approach to water quality assessment 
can be very useful in developing relative exposure values while using readily available 
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data such as topography, crop acreage, landuse and both typical and best management 
practices. 
 
Pollutants generated from agricultural activities are dynamic in nature. Many distributed 
models have been developed to aid in understanding parts of the NPS system.  AGNPS 
(AGricultural Non-Point Source pollutant modeling system) is a suite of models 
developed by USDA, Agricultural Research Service (ARS) and Natural Resources 
Conservation Service (NRCS) scientists and engineers.  AnnAGNPS (annualized 
AGNPS) pollutant loading (PL) model is the key model in the system.  It is a batch-
process, continuous-simulation computer model operating on a daily time step.  The PL's 
predicted are: (1) water; (2) sediment by particle size class and source of erosion; (3) 
chemicals-nitrogen, phosphorus, organic carbon, and (4) pesticides.  PL's are generated 
from land areas (cells or subwatersheds) and routed through stream systems on a daily 
basis.  Special land use components such as feedlots, gullies, and point sources are 
included.  Outputs can be examined either at the watershed outlet or at the individual cell 
level to identify critical areas and to locate and evaluate NPS control system 
effectiveness. 
 
Analysis of (historical or statistically generated) climate and other parameter inputs for 
AGNPS model produce results that allow the model user to effectively focus on the areas 
of high rate of pollutant release, waters that do not meet water quality standards, and 
evaluate the capabilities of best available alternative control measures. 
 
A good NPS pollution model should represent the spatial variability of the area and 
simulate the physical process of water pollution.  However, this type of model not only 
requires tremendous amount of input data but also creates equal or more amounts of 
output.  The time and effort required for model data input could be reduced by 
integration of the model with the functional components and capability of a geographic 
information system (GIS). The purpose of AnnGNPS simulations is to estimate the 
potential effectiveness of control systems in improving surface water quality.  GIS links 
with the model are being added for input and output visualization and explanation. 
 
AnnAGNPS depends on hydrologic, soil, and landuse parameters that can be extracted 
from readily available spatial data.  The AnnAGNPS- ArcView interface in final form 
will encompass the entire model system: from the organization of the input data to 
executing the model, analysis of alternatives, and viewing the output. 
 
The AnnAGNPS-ArcView  (GIS) interface, brings to the user a set of several tools from 
the delineation upon the topography and ending with the analysis and graphic display of 
the result of the simulations of the AnnGNPS model.  The intention of this interface is to 
reduce the cost and tediousness of implementing the AnnAGNPS analysis manually by 
providing GIS based tools. 
 
 
The AnnAGNPS-ArcView Interface generates data needed for the AnnAGNPS input file 
for all cells in a watershed from the GIS spatial and a relational ACCESS data bases.  
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This input file can then be used by Window versions of AGNPS.  This interface can 
display standard AnnAGNPS model outputs for all the cells in the watershed. 
 
Using AGNPS-ArcView Interface, the determination of physical parameters for the 
pollutant loading model is a simple and automatic process that accelerates the application 
of the AnnAGNPS model and leads to reproducible results. 
 
                                          METHODOLOGY 
 
In typical watersheds there are variations of terrain, soil, and landuse for which GIS data 
layers and attributes are available and commercial GIS package such as ArcView are 
available for analysis of those data.   
 
Using the AnnAGNPS model in a GIS Environment:  GIS are tools to collect, store, 
manage and display spatially data. A GIS is useful in reducing manual data input 
requirements when linked with distributed parameter models. Use of GIS data simplifies 
debugging of model input files, interpretation of output files, and creation of alternative 
scenarios. 
 
Base data layers are created by user or acquired from available sources. ArcView along 
with the Spatial Analyst extension are used to develop or derive of additional data layers. 
 
Derive Model input through GIS analysis:  The AnnAGNPS model divides the 
watershed area into relatively homogeneous smaller areas, subwatersheds, represented by 
a single soil and landcover/landuse. Each of these subwatersheds is both for parameter 
assignment and for subsequent model computations.    The subwatershed is then 
associated with a location on the stream network so the water and pollutants may be 
routed to the outlet of the watershed.  
 
Determine dominant Landuse and Soil for each subwatershed by Polygon overlay:  
Polygon overlay is a spatial operation that overlays one polygon coverage on another to 
create a new polygon coverage.  The spatial locations of each set of polygons and their 
polygon attributes are joined to derive new data relationships in the output coverage.  
Joining polygons enables operations requiring new polygon combinations. 
 
Hardware Platform and Software:  This interface was developed on a Microsoft 
Windows 2000 system. 
 
                   ANNAGNPS INPUT DATA REQUIREMENTS 
 
Input to AnnAGNPS is categorized into thirty-four groups.  These groups represent the 
widest range of inputs to be able to analyze innumerable combinations of agricultural 
operations and their effects on sediment, nutrient and pesticide delivery.  Input data for 
subwatersheds requires parameters (coefficients) to describe its physical characteristics 
(e.g. area, soil type and slope steepness), and management practices  
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The input data requirements depend upon the size of a watershed and complexity of 
watershed features.  The 34 categories of AnnAGNPS input data including land use, 
topography, hydrology, soil types, field conditions and management, feedlot operation, 
chemical characteristics, and climate. 

 
AnnAGNPS input data categories:   

 
File identifier  

AnnAGNPS Identifier  
Watershed Data  

Simulation Period Data 
Simulation Period Data  

Cell Related Data 
Cell Data  

Field Related Data 
Field Data  
Field Management Data 
Field Pond Data  
Operations Data  
Operations Reference Data  
Contour Data  
Irrigation Application Data  
Fertilizer Application Data  
Pesticide Application Data  
Strip Crop Data  

Reach Related Data 
Reach Data  
Reach Geometry Coefficients  
Reach Nutrient Half-life  
Impoundment Data  

Other Component Data 
Feedlot Data  
Feedlot Management Data  
Gully Data  
Point Source Data  

Reference Data 
Crop Data  
Fertilizer Reference Data  
Land Use Reference Data  
Pesticide Reference Data  
Runoff Curve Number Data  
Soil Data  

Output Related Data 
Global Output Specification  
Reach Output Specification  
Source Accounting Output Specification  
Verification Data  
 

Climate Data:  A file containing daily climatic data is required for the AnnAGNPS 
mode of continuous simulation.  Climate data used with AnnAGNPS may be historically 
recorded data, synthetically generated data, or a combination of the two.  Daily 
precipitation, maximum and minimum temperature, dew point temperature, sky cover, 
and wind speed are the data requirements of AnnAGNPS.  Careful consideration needs to 
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be given to the source of climate data and how many years are analyzed.  Climatic data 
are of great importance in AnnAGNPS.  Daily precipitation is the prime driver of the 
hydrologic cycle, temperatures are used to define frozen conditions, and with remaining 
climate elements are used in computing potential evapotranspiration.  GEM (climate 
generator) is a program that generates synthetic climatic data for locations in the United 
States.  It can be downloaded from the AGNPS web site.  GEM generates daily 
precipitation, maximum and minimum temperature, and solar radiation.  AnnAGNPS 
requires six climatic elements for each day which are precipitation, maximum and 
minimum temperature, sky cover, average daily dew point temperature, and average daily 
wind speed (wind direction is currently not used).  GEM is recommended to be run 
whether or not historical climatic records are available for use.  Detailed instructions for 
running GEM and completing the climate input file can be downloaded from the AGNPS 
web site. 

 

Spatial data requirements:  The AnnAGNPS-ArcView Interface requires three GIS 
data layers, DEM (the Digital Elevation Model), soil, and landuse data.   
 
The Digital Elevation Model (DEM) data:  A digital elevation model (DEM) consists 
of an array of elevations for ground positions at regularly spaced intervals.  These units 
are categorized as large scale (7.5- and 15-minute units), intermediate scale (2-arc-second 
units), and small scale (1-degree units). 
 
The 7.5-minute digital elevation model (DEM) data are digital representations of 
cartographic information in a raster form.  The DEM consists of an array of elevations for 
ground positions at regularly spaced intervals.  The data are produced in 7.5- by 7.5-
minute blocks either from digitized cartographic map contour overlays of from scanned 
National Aerial Photography Program (NAPP) photographs.  The DEM data are stored as 
profiles in which the spacing of the elevations along and between each profile is 30 
meters.  The number of elevations between each profile will differ because of the variable 
angle between the quadrangle's true north and the grid north of the Universal Transverse 
Mercator (UTM) projection coordinate system.  The DEM data for 7.5-minute units 
correspond to the USGS 7.5-minute topographic quadrangle map series for all of the 
United States and its territories except Alaska. 
 
Landuse data:  The default landuse layer was developed from the U.S. Geological 
Survey landuse and land cover (LULC) data.  The LULC category has nine classes of 
data: urban or built-up land, agricultural land, rangeland, forest, water, wetland, barren 
land, tundra, and perennial snow or ice.  These classes are subdivided by type; for 
example, forest lands are shown as deciduous, evergreen, or mixed and water is shown as 
streams and canals, lakes, reservoirs, or bays and estuaries.  Agricultural land was further 
subdivided into specific crops using published agricultural statistics for each county in 
the basin. 
 
Soil Data:  The default soils layer used in the AnnAGNPS model is Soil Survey 
Geographic Database (SSURGO).  SSURGO is the most detailed level of soil mapping 
done by the Natural Resources Conservation Service (NRCS).  SSURGO's digitization 
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duplicates the original soil survey maps.  Mapping scales generally range from 1:12,000 
to 1:16360.  This level of mapping is designed for use by landowners, townships, and 
county natural resource planning and management agencies. 
 
 SSURGO is linked to a Map Unit Interpretation Record (MUIR) attribute database.  The 
attribute database gives the proportionate extent of the component soils and their 
properties for each map units.  The SSURGO map units consist of 1 to 3 components 
each. 
 
The soil profile used in AnnAGNPS is a two-layer system based upon the multi-layer 
input data.  The top layer is considered a tillage layer of constant thickness (20 cm) 
unless bedrock is within 20 cm of the surface.  Certain properties of the top layer may 
vary due to tillage operations such as bulk density.  The second layer has static properties 
and does not exceed a 2-meter depth from the surface. 
 
The SSURGO data are currently available for selected counties throughout the United 
States and its territories.  For more information please visit:  
http://www.mn.nrcs.usda.gov/soils/digi.html 
 
** The DEM, SSURGO, and Landuse data may download from:   
 
http://lighthouse.nrcs.usda.gov/gateway/gatewayhome.html 
 
This web site provides free downloadable data via FTP protocol.  The URLis maintained 
by the National Cartography and Geospatial Center of the United States Department of 
Agriculture Natural Resources Conservation Service.   
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Input Parameterization and Editing:  Based on the watershed configuration and the 
setup of the landscape and climate definitions operated with the above components, 
AnnAGNPS ArcView interface creates and populates project databases to store the input 
parameters of the model.  The requested ASCII format inputs of the models are also 
created.  Dialog tools grouping input parameter typologies (soil, weather, subwatershed 
or landuse, soil mapping unit, stream reach, water use, management, pond, lake) allow 
the user to view and edit any of the previously stored values.  Each editing operation ends 
with a checking of the allowable values. Optionally, the user can extend the current 
editing data set records to other target subwatersheds and/or landuse-soil combination 
input units. 
 
An Input Data Editor and Input Data Specifications have been developed and are 
available from the AGNPS web site. http://www.sedlab.olemiss.edu/agnps.html 
 
                                  ANNAGNPS OUTPUT 
 
Output parameters are computed, as function of time, for each cell and reach in the 
watershed.  The following values are available at the watershed outlet or for any cell or 
reach in the watershed:  
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Hydrology Outputs:  
     Runoff volume (inches or mm)  
     Peak runoff rate (cubic feet/sec or cubic meters/sec)  
     Fraction of runoff generated from any subwatershed 
Sediment Outputs:  
     Sediment yield (English or metric tons)  
     Sediment particle size distribution 
     Source of sediment (sheet and rill, channel bed and bank, gully) 
     Fraction of sediment generated from any subwatershed 
Chemical Outputs:  
     Nitrogen  
          Sediment associated mass (English or metric tons)  
          Mass of soluble material (English or metric tons)  
    Phosphorus  
          Sediment associated mass (English or metric tons)  
          Mass of soluble material (English or metric tons)  
    Organic Carbon 
          Sediment associated mass (English or metric tons) 
 
AnnAGNPS produces two output files, one for event output and one for source 
accounting output. 
 
Event output: AnnAGNPS outputs information for each day there is runoff.  This 
includes water volumes, sediment, nutrient, and pesticide quantities at locations selected 
by the user.  The output processor program allows the user to select any or several parts 
of the output (such as nutrients), and contain information for each individual event, 
monthly, or yearly totals.  Event output is organized by reach and represents upstream 
and downstream information except for the watershed outlet, which has only downstream 
information.  The yearly total table contains the average annual totals for requested 
output. 
 
Source accounting output: AnnAGNPS outputs information on total quantities (such as 
runoff volume) for the entire simulation at user-selected locations and each location's 
contribution as a ratio to the quantity at the watershed outlet.  This information is useful 
to determine which locations contribute significant amounts of sediment or nutrient, for 
example, to the watershed outlet.  The output processor program allows the user to select 
one or several parts 
of the output information to summarize. 
 
       PROCEDURES FOR USING ANNAGNPS ARCVIEW INTERFACE 
 
1. Install the Interface 

 
Download  AGNPS_Complete.zip zip file from web site 
http://www.sedlab.olemiss.edu/agnps.html 
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Unzip the zip file into C or D drive as c:\AGNPS or d:\AGNPS.  
 

2. Start the ArcView application file. 
 
Under  c:\ AGNPS\AGNPS_Watershed_Studies  or    
d:\AGNPS\AGNPS_Watershed_Studies  folder, the application agnps.apr file 
residing in the designated 4_Arcview_Datasets directory may be opened by clicking 
on the file name twice or by first opening ArcView and then opening the apr directly 
from ArcView.  

 
3. Pre-Process the DEM grids. 
 
         1). Merge grids 

This function merges all the DEM grids in the ArcView View window to a 
single DEM grid. 

 
         2). Neighborhood Statistics 

The merge function appropriately matches all the DEM grids together. 
Unfortunately, there may be gaps between some of the individual DEMs when 
they were combined into a single DEM.  This function fills in these gaps. 
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         3). Process DEM 
The Process DEM function is organized to automate the watershed-delineation 
procedures to determine the approximate stream network, subwatershed, and 
watershed outlet. The tool is based on the basic functions and procedures 
included within the ArcView Spatial Analyst, hydrologic extension, and other 
ESRI software with added customized and enhanced capabilities. 
 

         4). Delineate Watershed 
After the completion of the Process DEM function, the Delineate Watershed 
function is used to delineate the watershed boundary from a user defined outlet 
point. By doing so, the users can limit the amount of time each operation takes 
by selecting an area within the DEM grid for analysis. 

 
4. AnnAGNPS Input Data Preparation. 
 
         1). Clip the DEM subset. 

This step is to clip out a subset DEM grid containing only the portion of the 
original DEM grid to reduce the processing area. 

         2).  Find Outlet 
This process will calculate the number of the row and column for the outlet 
raster for DEDNM.exe program’s control file.  

  
  3). Create TopAGNPS  input files. 

TopAGNPS is based on the United States Department of Agriculture (USDA), 
Agricultural Research Service (ARS) Topographic ParameteriZation (TOPAZ) 
model (Garbrecht and Martz, 1999).  TopAGNPS allows the users to utilize 
existing DEMs for the development of topographic parameters.  

         4). Execute TopAGNPS program. 
         5). Execute AgFlow program to generate cell (subwatershed) and reach data. 
         6). Import TopAGNPS  output *.arc Files into ArcView 
         7). Generate dominant Soil Data for each sub-watershed. 

By intersecting (polygon overlay) the subwatershed map with soils map, the 
tools allow the user to obtain a new subwatershed map.  Associated with each 
new subwatershed polygon will be the subwatershed’s GridCode and the key 
field of soil. 

         8). Generate dominant landcover/landuse data for each sub-watershed by 
By intersecting (polygon overlay) the subwatershed map with landcover/ 
landuse map, the tools allow the user to obtain a new subwatershed map.  
Associated with each new subwatershed polygon will be the subwatershed’s 
GridCode and the key field of landuse. 

          9). Generate the reach characteristic data. 
This menu item will generate the ann_reach.dbf file, and columns of the reach 
characteristic data will be added to the attribute table of the subwatershed shape 
file. 

        10). Open AnnAGNPS ACCESS database to generate the annagnps.inp file. 
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 5. Execute the Pollutant Loading Model program. 
 
6. Generate output .dbf files  
 
* The complete documentation can be downloaded from: http://ftw.nrcs.usda.gov/ncgc 

 

                                     CONCLUSIONS 
The AnnAGNPS ArcView Interface is a complete preprocessor, interface and 
postprocessor of the AnnANPGS Pollutant Loading Model.  Without leaving the user- 
friendly ArcView and Microsoft Windows environment, a complete set of tools is 
provided for the watershed delineation, definition and editing of the hydrological and 
agricultural management inputs, running the model, and viewing results.  The interface 
and the model constitute a comprehensive and user-friendly tool for the watershed scale 
assessment and control of the agricultural sources of water pollution. 
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FILTERING LIDAR DIGITAL ELEVATION DATA FOR HYDRAULIC 
MODELING AND FLOOD PLAIN DELINEATION 

 
By E. James Nelson 1, Alan K. Zundel2, and Creighton R. Omer 3 

 

Abstract:  Light Detection and Ranging (LIDAR) technology produces dense digital 
terrain data that results in more accurate digital terrain models (DTMs) for engineering 
applications.  LIDAR data, however, is redundant and often cumbersome for modeling 
purposes.  Data filtering provides a means of eliminating redundant points and facilitates 
model preparation.  This paper explicates the effects of data filtering using the Surface-
Water Modeling System (SMS) software on a case study completed for a 2.27 mi2 area 
along Leith Creek near Laurinburg, North Carolina.  For the original data set and seven 
filtered data sets, filtering-induced changes in elevation, area, and hydraulic radius were 
determined for ten water depths at 23 cross sections.  Water surface elevations resulting 
from HEC-RAS models for each data set were then compared.  A hydraulic model 
sensitivity analysis was also conducted to compare filtering error to error introduced by 
flowrates and roughness values.  Finally, floodplain delineation was performed for each 
filter level using the Watershed Modeling System (WMS) software.  Data filtering results 
indicate that significant time savings are achieved throughout the modeling process and 
that filtering to 4º can be performed without compromising cross-sectional geometry,  
hydraulic model results, or floodplain delineation results. 
 

INTRODUCTION 
The best digital elevation resolution commonly available is the USGS digital elevation 
models (DEMs) at 30 meters, with 10-meter resolution data available in limited areas.  
The adequacy of this resolution (and furthermore the procedure by which these datasets 
were created) is questionable for the purpose of flood plain delineation and the hydraulic 
modeling that precedes it.  New data collection methods, including Light Detection and 
Ranging (LIDAR) promise to improve on the current standard and reduce the cost of 
high-accuracy elevation data.  In fact many pilot studies have been done showing great 
promise with the use of LIDAR data for hydraulic modeling and flood plain mapping.  
However, with the increased accuracy of high-resolution digital elevation models comes 
the increased burden of computation and data storage.  The need for high accuracy digital 
elevation data for hydraulic and flood plain modeling is not answered necessarily by 
more data, but rather by having data where it is needed.  The technology used in LIDAR 
does not seek to find the best elevation points (i.e. breaks in slopes, peaks, valleys, etc.). 
Instead it collects data at a high density everywhere in order to insure that all of the 
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important elevation points are represented.  Analogous to this approach for collecting 
elevation data would be to send a surveyor out and ask him/her to collect elevations on a 
one-foot grid interval to insure that all of the important features are captured.  
Appropriate techniques can be used to filter from the dense set of LIDAR data points 
those points that provide little or no information about the topography.  By filtering the 
data in this manner the number of points used to define a cross section for a hydralic 
model, or to automatically delineate a flood plain from the results of the hydraulic model 
can be dramatically reduced, thereby shortening computation time. 
This paper seeks to present methods for significantly filtering high resolution, high-
accuracy elevation data without affecting the results of hydraulic model and flood plain 
delineation developed from the elevation data.  A series of digital terrain models with 
varying degrees of data reduction were created from original LIDAR data.  Each was 
then used to cut cross sections for a hydraulic model. These cross sections, together with 
other model parameters such as roughness were used to generate water surface elevations 
for multiple flow rates representing a range of flow conditions.  Results from the 
hydraulic model were then mapped back to the digital elevation model and used to 
compute flood depths and boundaries.  The results indicate the degree of data reduction 
possible without loss of accuracy in the models. 
The Environmental Modeling Research Lab (EMRL) of Brigham Young University 
(BYU) have developed software tools capable of using digital terrain sources such as 
DEMs and LIDAR data to create watershed models, hydraulic models, and automatically 
map flood plain boundaries from their results.  The studies performed in conjunction with 
this research were done using these tools, specifically the Watershed Modeling System 
(WMS) and the Surface-Water Modeling System (SMS).  WMS was used primarily for 
the processing of DEMs, hydrologic analyses and flood plain mapping, while SMS was 
used for data filtering and hydraulic modeling. 

DATA FILTERING 
LIDAR technology produces x, y, z scatter sets representing topography via airborne 
lasers.  Independent of terrain relief, LIDAR data sets are generally characterized by an 
even distribution of points.  These points are spaced at average intervals of 2 to 3 meters 
with a horizontal accuracy of 15 to 20 cm and a vertical accuracy of 5 to 10 cm (Shrestha 
et al. 1999). 
Traditionally, land surveyors have been the primary collectors of terrain data.  Surveyors 
recognize that it is not necessary to collect points at equal intervals.  Rather, the surveyor 
intelligently collects data, selecting sufficient point locations to adequately define ridges, 
changes in slope, etc.  Few points are necessary to define flat areas or areas of constant 
slope.  The point density of LIDAR data is beneficial in high relief and channel areas; 
however, the same point density in flat areas is redundant and creates excessive data.  
Furthermore, the collection of LIDAR data often involves multiple passes by an airplane 
over the selected area.  This practice ensures accuracy but adds superfluous points. 
Filtering in SMS is performed by comparing the normals of the triangles surrounding 
each vertex.  If the angular difference between all the normals is less than a user-specified 
angle tolerance, the common vertex is eliminated (See Figure 1).  Data filtering 
eliminates many of the superfluous points that the surveyor would not have collected.  In 



general, filtering retains important points in the vicinity of the channel and bank and 
eliminates redundant points in the floodplain. 

 
Figure 1: Criteria for point elimination during filtering. 
In order to demonstrate the effectiveness of filtering high-density elevation data collected 
using LIDAR technology a small study area was chosen.  The objectives of the study 
were to determine the following: 

1. At what filter angle the resulting models “substantially” deviated from a models 
derived from unfiltered data.  Substantially is of course subjective so the criteria 
used to identify this level of degradation in the model was to compare against 
ranges of error for other uncertainties in model parameters. 

2. Determine a measure of computational savings from using the filtered data for 
modeling.  The end result of this study is to be able to use the resulting digital 
terrain model and hydrologic/hydraulic model in a probabilistic determination of 
flood plain boundaries.  This requires multiple (hundreds) of runs of the models 
and therefore achieving efficient computational speeds (particularly in the flood 
plain analysis) is important. 

LEITH CREEK DATA FILTERING CASE STUDY 

LIDAR data along Leith Creek northwest of Laurinburg, North Carolina, was obtained 
from the North Carolina Geodetic Survey.  A portion of Leith Creek, one of its 
tributaries, and the adjacent floodplain areas, defined the study area.  Filtering levels 
considered in the case study included 1º, 2º, 4º, 8º, 12º, 16º, and 32º.  As anticipated, 
filtering at levels of 16º and 32º introduced significant geometric and hydraulic errors; 
results from these levels are reported elsewhere (Omer 2002).  The number of points in 
data sets up to 12º is shown in Table 1.  The number of points is also shown as a 
percentage of the number of points in the unfiltered data set. 

Table 1 – Study Area Points and Percent Points Retained  
Filter (Degrees) Points Percent Original Points 

Original 171,705 100.00 
1 161,839 94.25 
2 127,392 74.19 
4 65,956 38.41 
8 28,151 16.39 
12 19,213 11.19 



The model’s stream network consisted of three reaches: upper and lower reaches on Leith 
Creek and one reach on the tributary.  The study area’s boundary, reaches, and cross 
sections are shown in Figure 2. 

 
Figure 2 – Leith Creek Study Area Cross Sections 
The effects of filtering were evaluated through a cross section analysis, hydraulic models, 
and floodplain delineation.   The cross section analysis considered elevation error, area 
percent error, and hydraulic radius percent error.  Water surface elevations from 
hydraulic models were compared and variations noted.  Additionally, the sensitivity of 
hydraulic model results to variations in flowrate and roughness values were considered. 
This was done so that the errors introduced as a result of filtering could be compared to 
uncertainty in other key hydraulic modeling parameters.  Processing times and flood 
areas were compared for each floodplain delineation. 

Cross Section Analysis: Cross sections extracted from a digital terrain model create the 
geometric backbone of a one-dimensional hydraulic model.  A comparison of the original 
and filtered cross sections is therefore critical.  Cross sections were made so as to contain 
the maximum flood of interest.  Identical cross section lines were used to extract the 23 
cross sections from the original and the seven filtered data sets.  Extraction identifies an 
elevation value wherever a cross section line crosses a triangle edge.  A series of distance 
and elevation pairs is output for each cross section.  For comparison, each of the filtered 
cross sections is then interpolated back to the point distribution of the cross section 
derived from the unfiltered model.  Interpolation is necessary due to the re-triangulation 
of the filtered data sets, which alters the distance between triangle edges.  For each of the 
cross sections comparisons for ten water surface elevations were computed.  The highest 
elevation in the cross section is referred to as 100% depth.  The distance between the 
highest elevation and the thalweg is divided into ten equal intervals, and the lowest water 
surface elevation is referred to as 10% depth.  Each cross section is trimmed to eliminate 
“dry” points (those above the WSE or beyond the bank for the given depth).  Multiple 
depths were compared in order to produce average error conditions.  Filtered cross 
sections are interpolated back to the cross section’s original point distribution in order to 
show that error due to interpolation was not introduced into the comparative analyses. 
The area percent error between filtered and filtered-interpolated sections was negligible 



through the 4º filter level; the maximum interpolation error for any section at this level 
was 0.66%.  
The following geometric comparisons were performed on each of the 230 cross sections 
(10 water surface elevations for each of 23 cross sections): 

• Average elevation error 
• Area percent error 
• Hydraulic radius percent error 

Average Elevation Error: The average elevation error for each cross section is a 
distance-weighted average of the incremental error.  This error is summarized in Table 2, 
which shows the maximum, minimum, and average absolute elevation error.  The values 
for each filter level reflect the calculations performed for 230 cross sections (10 water 
surface elevations for each of 23 cross sections).  As anticipated, average and maximum 
elevation errors increase with increasing filter angle.  At 4º, the maximum elevation error 
is less than 0.25 ft, and the average error is even smaller. 

Table 2 – Summary of Average Elevation Error (all values in feet) 
 Filter Level 
 1 2 4 8 12 
Maximum 0.0158 0.0441 0.2079 0.7820 1.0891 
Minimum 0.0001 0.0001 0.0001 0.0001 0.0000 
Average 0.0010 0.0056 0.0435 0.1816 0.3303 

 
Average elevation error by percent water depth is depicted in Figure 3.  For the 4º filter, 
the average elevation error at all water depths is less than 0.1 ft.   

 
Figure 3 – Average Elevation Error by WSE 



Area Percent Error: The area of flow is a factor in channel conveyance and is therefore 
worthy of consideration in the cross section analysis.  Table 3 summarizes the area 
percent error by filter level.  On average, the area percent error at 4º is less than 0.5%.  
The maximum value at this level is 17%.  While this error is high, it should be noted that 
only 3% of the cross sections at this level had area errors exceeding 2%. 

Table 3 – Summary of Area Percent Error 
 Filter Level 
 1 2 4 8 12 

Maximum 0.3038 2.2581 17.3753 48.9297 49.9665 
Minimum 0.0000 0.0008 0.0001 0.0067 0.0007 
Average 0.0153 0.0705 0.4215 2.5840 3.8741 

 
Area percent error by water depth is shown in Figure 4.  Area error increases dramatically 
for the lower water depths.  Filtering-induced area changes in the creek channel are 
accentuated at low water levels because the change accounts for a larger portion of the 
original cross-sectional area.  For all water depths, area error at 4º is held below 2%. 

 
Figure 4 – Average Area Percent Error by WSE 

Hydraulic Radius Percent Error: The hydraulic radius of each section is calculated as 
the area divided by the wetted perimeter.  Because hydraulic radius is a function of area, 
it follows that hydraulic radius errors will be similar to area errors.  Hydraulic radius 
percent error is summarized in Table 4.  The average hydraulic radius error at 4º is 0.7%.  
The maximum is nearly identical to that of the area error, but hydraulic radius error is 
again limited to a small number of sections.  Only 8% of the cross sections at 4º have a 
hydraulic radius error greater than 2%. 



Table 4 – Summary of Hydraulic Radius Percent Error 
 Filter Level 

 1 2 4 8 12 
Maximum 0.3046 4.0446 17.3712 48.2902 58.8256 
Minimum 0.0001 0.0001 0.0001 0.0061 0.0050 
Average 0.0156 0.1203 0.7148 3.2373 5.5995 

 
The plot of hydraulic radius error by water depth (Figure 5) shows significant errors at 
the 10% water depth.  At this depth the hydraulic radius percent error increases 
dramatically from the 4º to the 8º filter.  Error at 4º is again held below 2%. 

 
Figure 5 – Average Hydraulic Radius Percent Error by WSE 
The cross section analysis results show that elevation, area, and hydraulic radius errors 
increase with increasing filter level.  Furthermore, area and hydraulic radius errors are 
accentuated at low water depths.  The results show that filtering-induced errors at the 4º 
level are small and acceptable.  For this filter, average elevation error is 0.04 ft and 
average area and hydraulic radius errors are both below 1%.  While errors are introduced 
by filtering, some may be offsetting.  Slightly dissimilar cross sections may be 
hydraulically equivalent. 

HYDRAULIC MODELING 
In addition to geometric data, other input parameters such as flowrates and roughness 
values are required for hydraulic modeling.  These parameters and hydraulic model 
results need to be considered in order to determine the acceptability of filtering.  One 
hydraulic model was run for each of the filter levels as well as for the original data.  
Model preparation and results are discussed below.  A sensitivity analysis was also 



performed to determine the variation caused by alteration of flowrates and roughness 
values in the hydraulic models. 

Preparation:  In WMS, USGS 7.5’ DEMs were used to help determine appropriate 
flowrates for the hydraulic models (USGS 2001).  A uniform regional regression 
equation was chosen, and flowrates were extrapolated to create a variation of resulting 
water surface elevations.  Four flowrates, identified as peak flows 1-4 (PF1 – PF4), were 
included in each model.  These flowrates are shown in Table 5. 

Table 5 – Leith Creek Hydraulic Model Flowrates (values in cfs) 
Reach/Description Station PF1 PF2 PF3 PF4 
Tributary 2,504 2,113 4,683 7,253 13,678 
Upstream Leith 11,151 3,755 8,255 12,755 24,005 
Upstream Leith 9,831 4,203 9,253 14,303 26,928 
Upstream Leith 7,245 4,478 9,828 15,178 28,553 
Upstream Leith 4,033 4,893 10,238 17,553 38,530 
Junction 2,872 5,753 12,603 19,453 36,578 
Downstream Leith 1,775 5,955 12,425 21,304 46,780 
 
SMS was used to prepare the bulk of the model data, including cross section geometry, 
roughness values, and topology.  Right and left bank arcs were created for each reach.  
To model roughness, land use polygons were downloaded from the EPA Basins website 
(EPA 2001).  Manning’s n values were assigned to each polygon; these values are shown 
in Table 6.  Roughness was held constant for all filters. 

Table 6 – Manning’s n values 
Land Use Polygon Manning’s n value 
River 0.03 
Cropland and Pasture 0.04 
Commercial and Services 0.07 
Other Urban or Built-up 0.07 
Residential 0.08 
Deciduous Forest Land 0.12 
 
Cross sections were re-extracted to add point and materials properties to each section, and 
HEC-RAS import files were created for each filter level.  In HEC-RAS, uniform flowrate 
and slope input was added before running each steady-state hydraulic model.   

Results:  Water surface elevations for each cross-section, filter, and peak flow were 
gleaned from the HEC-RAS export files.  Water surface elevations of the filtered data 
sets were compared to the corresponding values of the original LIDAR data.  The results 
for each peak flow and for all flows are shown in Table 7. 

 
 
 



Table 7 – Filtering: Average WSE Differences (all values in feet) 
Filter  PF1 PF2 PF3 PF4 All Flows  

1 -0.0005 0.0090 0.0011 0.0010 0.0026 
2 0.0014 0.0012 0.0019 -0.0001 0.0011 
4 0.0042 0.0005 0.0025 -0.0164 -0.0023 
8 0.1144 0.1590 0.1162 0.0806 0.1175 
12 0.1657 0.2077 0.1284 0.1988 0.1752 

 
Water surface elevation changes for filters of 1º, 2º, and 4º are negligible.  At 4º, no 
single water surface elevation varies from the original by more than ±0.1 ft.   

Sensitivity Analysis:  Excluding cross-sectional geometry, all input parameters for the 
hydraulic models were held constant.  However, variation of flowrate calculation method 
may introduce significant changes to the model.  Furthermore, minimum and maximum 
Manning’s n values may vary by 20% from normal values (Chow 1959).   

Four models were run to determine the sensitivity of the hydraulic model.  Each of these 
models used the cross sections extracted from the unfiltered data.  In each model, one set 
of parameters was altered.  Descriptions of parameter variation follow: 1) flowrates were 
increased by 10%, 2) flowrates were reduced by 10%, 3) Manning’s n values were 
increased by 20%, and 4) Manning’s n values were decreased by 20%.  Table 8 
summarizes the results of the sensitivity analysis.  Reasonable variations in flowrate and 
roughness values resulted in water surface elevation changes greater than those created 
by 12º filtering.  Water surface elevation changes at 4º are negligible compared to the 
values from the sensitivity analysis. 

Table 8 – Parameter Sensitivity: Average WSE Variation (all values in feet) 
Variation PF1 PF2 PF3 PF4 All Flows  
Flowrate increase (10%) 0.2767 0.4001 0.5236 0.5393 0.4349 
Flowrate decrease (10%) -0.2783 -0.4445 -0.4972 -0.5430 -0.4408 
Manning's n value increase (20%) 0.4540 0.6596 0.7785 0.9211 0.7033 
Manning's n value decrease (20%) -0.4493 -0.9046 -0.7947 -0.8467 -0.7488 

FLOOD PLAIN DELINEATION 
In hydraulic modeling, LIDAR point density results in preparation time costs but has 
little effect on processing time.  In contrast, both preparation and processing time costs 
are associated with the use of LIDAR data for floodplain delineation.  Shrestha et al. 
(1999) noted the potential application of this technology to flood mapping: “ALSM 
[Airborne Laser Swath Mapping, also known as LIDAR] technology can revolutionize 
accurate floodplain and drainage mapping data collection.  This could fill a current void 
in Federal Emergency Mapping Agency (FEMA) floodplain mapping needs.”  The 
application of LIDAR data is promising; however, processing issues present difficulties.   

Preparation:  Noman et al. (2001) detailed the implementation of a new TIN-based 
floodplain delineation algorithm in WMS.  A scatter set of water surface elevation points 
is used to represent the flood level, and the algorithm uses these points to interpolate a 
flood depth for each TIN vertex in the model.  Processing time is, therefore, a function of 



the number of TIN vertices.  The number of scatter points and the calculation of distances 
and flow paths between scatter points and TIN vertices also influence processing time. 

Hydraulic model results were used to create stage scatter sets for use in floodplain 
delineation, and the delineation process was completed for each of the peak flows on 
each data set.  Flood extent coverages were created based on flood depths, and inundated 
areas were compared.  Furthermore, processing time was noted for each delineation. 

Results:  Flood areas were calculated in square miles to eight decimal places (providing 
accuracy to within one square foot).  The flood area for the original data set ranged from 
0.31 mi2 for the lowest flood (PF1) to 0.83 mi2 for the highest flood (PF4).  Flood area 
percent difference is shown in Table 9.  In general, error increases with filter and with 
peak flow.  This reflects filtering-induced errors at high levels in the floodplain.  In such 
areas, point spacing is increased and long, thin triangles may result.  Nonetheless, flood 
area varies by no more than 1.6% for any peak flow at 4º.  

Table 9 – Flood Area Percent Difference 
Filter Level PF1 PF2 PF3 PF4 Absolute Average 

1 -0.02 0.04 -0.09 -0.01 0.04 
2 -0.11 -0.16 -0.24 -0.14 0.16 
4 -0.58 -1.17 -1.54 -1.43 1.18 
8 -1.39 0.25 -2.48 -1.60 1.43 
12 -1.87 0.23 -3.20 14.01 4.83 

 
Delineation processing time varies widely depending on the number of water surface 
elevation points and the number of TIN vertices.  Processing time trends are shown in 
Table 10.  For a given filter level, processing time increases from the first peak flow to 
the last.  This increase is due to the fact that all flood scatter sets were created with equal 
point spacing.  Consequently, higher floods have more water surface elevation points.  
For a given peak flow, processing time decreases with increasing filter level.  For the 
highest flood (PF4) processing time for the unfiltered data was 1 hour and 42 minutes.   

Table 10 – Floodplain Delineation Time (all values in minutes) 
Filter Level PF1 PF2 PF3 PF4 

0 14.55 24.38 38.43 102.00 
1 14.02 23.62 36.95 96.78 
2 12.65 21.03 32.80 78.18 
4 9.02 14.83 21.70 42.02 
8 4.85 7.95 11.07 17.43 
12 3.15 5.13 8.08 14.45 

 
Filtering results in significant time savings.  In Table 11, processing times are shown as a 
percentage of the time for the unfiltered data set.  Processing time savings at 4º ranged 
from 38% to 59%.   
 



Table 11 – Percent Floodplain Delineation Time 
Filter Level PF1 PF2 PF3 PF4 Average 

1 96.33 96.86 96.14 94.89 96.05 
2 86.94 86.26 85.34 76.65 83.80 
4 61.97 60.83 56.46 41.19 55.11 
8 33.33 32.60 28.79 17.09 27.96 
12 21.65 21.05 21.03 14.17 19.48 

 
Based on the Leith Creek study, filtering introduces minimal flood area error and 
provides significant time savings.  For 4º, average flood area error was -1.2%.  On 
average, processing times at the 4º level are reduced by 45%. 

CONCLUSIONS 
LIDAR data is superior to traditionally used DEMs in terms of point density and the 
accuracy of resulting DTMs.  The redundancy of LIDAR data undermines its utility as 
associated preparation and processing time costs can be prohibitive.  In the Leith Creek 
study, the effects of SMS/WMS data filtering on LIDAR data were explored by analyzing 
23 cross sections at ten water depths.   The analysis shows that filtering to 4º introduces 
negligible geometric error.  Average elevation error was 0.04 ft, and area and hydraulic 
radius errors were 0.42% and 0.71%, respectively.   
Hydraulic model and floodplain delineation results also remain uncompromised for filters 
up to 4º.  For four flowrates, the average water surface elevation change was -0.0023 ft.  
Altering flowrates and roughness values within reasonable ranges produced variations as 
large as 0.75 ft.  Flood area error for 4º varied by no more than 1.6%, and processing 
time, on average, was 55% of the time required for the original LIDAR data.  While the 
outcome may differ in areas of higher or lower relief, the results of the Leith Creek case 
study provide substantial justification for filtering LIDAR data sets to 4º.  Furthermore, 
the study shows that filtering results in significant time savings when performing flood 
inundation studies from digital terrain models. 
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Abstract:  Geospatial databases built with geographic information systems served as primary 
sources of input data to the Agricultural NonPoint Source pollution model of watershed hydrology.  
Elevation, land cover, and soil data for four watersheds are the base from which we extracted the 22 
input parameters required by the Agricultural NonPoint Source model.  The study demonstrates the 
utility of employing geospatial databases as sources in watershed modeling to investigate the 
improved accuracy of the water-quality model results, and it shows examples of the automatic 
extraction of model input parameters from these databases.  The study examines the implications of 
the results for modelers using this model in four watersheds: two in Georgia, and one each in Indiana 
and Washington.  To demonstrate the development and practical utility of the user-friendly interface, 
a tool was created for generating input parameters, executing the pollution model, and analyzing 
model output.  This tool uses object-oriented programming and macro languages to manipulate the 
raster databases.  This investigation demonstrates new methods of automatically extracting the 
requisite input parameters for the Agricultural NonPoint Source pollution model from geographic 
information systems databases. 
 
 

INTRODUCTION 
 
Designers of watershed models strive to provide decisionmakers with information (usually water 
quantity and water quality, particularly physical, biological, and chemical components of quality) 
about a watershed and the watershed’s response to environmental factors.  The U.S. Department of 
Agriculture (USDA), as the lead agency, developed the Agricultural NonPoint Source (AGNPS) 
pollution model of watershed hydrology in response to the complex problem of managing nonpoint 
sources of pollution.  AGNPS simulates the behavior of runoff, sediment, and nutrient transport from 
watersheds that have agriculture as their prime use.  The model operates on a cell basis and is a 
distributed parameter, event-based (one storm event) model.  The model requires 22 input 
parameters (covering hydrologic, soils, drainage, agricultural management, and other information).  
Output parameters are grouped primarily by hydrology, sediment, and chemical output (Young et 
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al., 1995). 
 
Geospatial databases built with geographic information systems (GIS) served as primary sources of 
input data to AGNPS.  Elevation, land cover, and soil data for four watersheds are the base from 
which we extracted the 22 input parameters required by the AGNPS.  Our effort provides an 
example of automatic extraction of the AGNPS input parameters from high-resolution GIS databases 
to investigate the improved accuracy of the water-quality model results.  To demonstrate this 
objective of automatic parameter extraction, we followed the general process of parameter extraction 
from the geospatial data through a computer program (the AGNPS Data Generator) specifically 
created to generate the pollution model required input.  Generating the 22 input parameters required 
varying degrees of computational complexity that fell into three simplified categories: complex 
development, straightforward development (using, primarily, ERDAS Imagine’s Spatial Modeler), 
and simple development (consisting, primarily, of “hard coded” values based on the advice of local 
experts). 
 
 

STUDY AREAS 
 
Four Watersheds: The four watersheds used include Little River and Piscola Creek, Georgia, Sugar 
Creek, Indiana, and EL68D Wasteway, Washington.  Little River, Sugar Creek, and EL68D 
Wasteway were selected because they are National Water-Quality Assessment (NAWQA) Program 
sites with periodic sampling by USGS personnel.  Piscola Creek was added because of previous 
work there and data availability.  In the case of the Little River watershed, in addition to being a 
NAWQA site with data availability, it was selected because there have been many years of 
continuous sampling there.  Little River is located in Tift, Turner, and Worth Counties and covers 
approximately 33,242 hectares.  Piscola Creek is located in Brooks and Thomas Counties and covers 
approximately 44,414 hectares (Figure 1).  Sugar Creek is located in Henry, Hancock, and Madison 
Counties and covers approximately 23,976 hectares (Figure 2).  Except for its southernmost tip, 
which is in Franklin County, all of the EL386D Wasteway is in Adams County, within and 
surrounding (to the north, south, and east) Othello, Washington.  EL68D Wasteway is approximately 
37,719 hectares (Figure 3). 
 
Watershed Boundaries: We used two sets of watershed boundaries for this study.  The first set was 
the NAWQA established watershed boundaries.  We used U.S. Geological Survey (USGS) digital 
elevation models (DEM) to extract the second set.  The USGS collects and assesses information on 
water chemistry, hydrology, land use, and stream habitat in more than 50 major rivers across the 
Nation as a part of the NAWQA Program.  Part of the program is concerned with water quality and 
nonpoint sources in agricultural watersheds (USGS, 2001).  The GIS Weasel, a USGS computer 
program, produced the second set of boundaries using the DEMs.  The GIS Weasel interfaces GIS 
software with several water models in the Modular Modeling System (Leavesley et al., 2002).  
Because the NAWQA boundary does not usually match the flow according to the DEMs, due to 
resolution and accuracy issues, we used two sets of boundaries.  Because the DEM determines the 
resulting GIS Weasel boundary, this boundary is consistent with the slope and other data derived 
from the DEM.   
 



 

 
 
Figure 1.  Little River and Piscola Creek 
Watersheds, Georgia 

 
Figure 2.  Sugar Creek Watershed, Indiana. 

 
 
 
 

 
 

Figure 3.  EL68D Wasteway Watershed, Washington. 



GIS DATABASES FOR PARAMETER EXTRACTION 
 
We used USGS 30-m DEMs and the 30-m National Land Characteristics Data land cover data as the 
base for the extraction processes.  We augmented these land cover data with recent (1997 and 2001) 
Landsat thematic mapper data.  In addition, we augmented these databases with a set of high-
resolution (3-m) elevation and land cover data to help determine resolution effects.  We created the 
soil databases from USDA soil surveys by scanning mylar separates of soil polygons, then 
rectifying, vectorizing, and tagging the resulting digital data.  We resampled the soil data to the 30-m 
and 3-m base resolutions.  To assess the effects of resolution on model results, we resampled the 30-
m raster data to 60-, 120-, 210-, 240-, 480-, 960-, and 1,920-m resolution.  The 210-m database 
roughly matches the 10-acre grid size commonly used by the USDA. 
 
 

AGNPS PARAMETER GENERATION 
 
AGNPS Data Generator: We created the AGNPS Data Generator computer program to provide a 
user-friendly interface between ERDAS Imagine and the AGNPS model (version 5.0).  AGNPS 
Version 5.0 was written in the C programming language and was created from the source code from 
AGNPS version 4.03  (Young et al., 1994; Witte et al., 1995).  It is important that users have an 
efficient method of dealing with the difficult process of generating the AGNPS requisite input 
parameters and a method for analyzing the data it produces.  We designed and developed the entire 
interface for Imagine 8.4, running on WinNT/2000.  We designed this graphical user interface (GUI) 
primarily to simplify the task of creating the input for AGNPS.  Because of the lack of GIS-AGNPS 
interfaces available to users, we created this Data Generator program to fill that need, particularly 
with regard to personal computers running the Windows operating system.  Figure 4 is a screen shot 
of the Data Generator that shows the concise interface for creating AGNPS input parameters, 
running AGNPS, and creating images of output for analysis. 
 
 

 
 

Figure 4.  Screenshot of AGNPS Data Generator 



We selected ERDAS Imagine to develop the Data Generator on its foundation because Imagine is 
designed to allow users to implement their own programs and because the AGNPS program 
processes the data on a grid, or raster, basis.  The AGNPS program is a simple command line 
program using just a few arguments.  The difficult part of executing AGNPS is creating and setting 
up all the data it requires.  In addition, we designed the AGNPS Data Generator to manipulate 
AGNPS output data to aid in analysis by creating images that display the data visually.  A user 
initiates the Data Generator from the Imagine menu bar.  We designed the GUI to work at a screen 
resolution of 800 x 600 pixels or greater in a concise view.  All buttons on the GUI display a 
window for creating that parameter.  We wrote all the displays using the ERDAS Macro Language.  
 
Input Parameter Generation: To extract parameters, we used the AGNPS Data Generator.  In 
creating the 22 input parameters, we needed varying degrees of computational development.  
General categories of these parameters are complex development, straightforward development, and 
simple development.  Table 1 summarizes the generation of the requisite input parameters for 
AGNPS; following the table is a discussion of those parameters. 
 
 
Table 1.  Parameter Generation 
 

Number Title Information on Generation 
1 Cell Number Using a watershed cutout of the DEM to create the watershed cells 

with unique cell numbers from the DEM. 
2 Cell Division Set to zero.  No cells were divided. 
3 Receiving Cell Number Calculated by using cell number and flow direction within Imagine 

Spatial Modeler. 
4 Receiving Cell Division Set to zero.  No cells were divided. 
5 Flow Direction Created the TARDEM program, and then processing with Imagine 

Spatial Modeler to edit flow-direction values. 
6 SCS Curve Number Determined by Imagine’s Spatial Modeler, using the soil 

information and land cover as cross-referencing lookup tables. 
7 Average Land Slope Calculated by using Imagine Spatial Modeler’s PERCENT SLOPE 

function on the DEM. 
8 Slope Shape Factor Calculated by using cell number, flow direction, and land slope 

within Imagine Spatial Modeler. 
9 Slope Length Calculated by executing a model that uses land slope and a 

maximum slope length within Imagine Spatial Modeler. 
10 Overland Manning’s 

Coefficient 
Created with Imagine Spatial Modeler by using land cover as a 
lookup table. 

11 Soil Erodibility Factor Created with Imagine Spatial Modeler by using soils as a lookup 
table. 

12 Cropping Factor Created with Imagine Spatial Modeler by using land cover as a 
lookup table. 

13 Practice Factor Set to one (1). 
14 Surface Condition Constant Created with Imagine Spatial Modeler by using land cover as a 

lookup table. 
15 COD (Chemical Oxygen Created with Imagine Spatial Modeler by using land cover as a 



Demand) Factor lookup table. 
16 Soil Type Created with Imagine Spatial Modeler by using soils as a lookup 

table. 
17 Fertilizer Level Created with Imagine Spatial Modeler by using land cover as a 

lookup table. 
18 Pesticide Type Set to zero (0). 
19 Number of Point Sources Set to zero (0). 
20 Additional Erosion Sources Set to zero (0). 
21 Number of Impoundments Set to zero (0). 
22 Type of Channel Created by running DEM through stages of TARDEM program, 

and then through Imagine Spatial Modeler along with land cover. 

 
 
Details on Generation of Parameters: 
Cell Number: Parameter 1, Cell Number, uses a watershed cutout of the DEM at a specific raster 
cell size (i.e., 30-m grid cells) to assign a value to all of the cells in the watershed from 1 to n, where 
n is the last cell in the watershed.  The numbering begins at the upper left cell, moves along a row 
until there are no more watershed cells, and then proceeds to the next row to continue the 
numbering.  In this manner, each cell of the watershed is assigned a unique number that can be used 
to identify it. 
 
Receiving Cell Number: Parameter 3, Receiving Cell Number, uses the cell number and flow 
direction to determine the cell into which the subject cell flows.  For each cell, the model will use 
the direction of flow (using a unique 2n notation) and look in the proper direction to determine the 
cell number of the one the cell flows into next (Figure 5).  The algorithm accomplishes this by 
employing eight custom 3x3 matrices (representing the eight possible directions, each focused on a 
neighboring cell of the center cell).  Once the direction of the flow is known for the center cell, the 
corresponding matrix, which matches that flow direction, will read the value (cell number) in that 
direction and store it in the output raster coverage. 
 
 

 
 

Figure 5.  Flow Direction. 
 
 

SCS Curve Number: Parameter 6, Soil Conservation Service (SCS) Curve Number, uses both the 
soil and the land cover images to resolve the correct curve number.  A lookup is performed on the 



soils attributes to find out the soil type (i.e., A, B, C, or D).  The algorithm then executes a pick 
function to determine the corresponding column in the land cover attributes table on the basis of the 
soil type.  
 
Slope Shape Factor: Parameter 8, Slope Shape Factor, works essentially the same as parameter 3, 
except the algorithm uses slope values along with the cell number and flow direction.  The 
relationship of the slope values at each point determines the slope shape factor (Figure 6).  In 
addition to using flow direction and 3x3 matrices, the algorithm calculates Parameter 8 using the 
values of the center cell and both the cells in front of and behind it, this relationship being based on 
the direction of flow (i.e., the cell flowing into the subject cell and the cell the subject cell flows into 
next).  Once the algorithm determines the values for the slope of those three cells, it calculates the 
slope shape (Figure 7). 
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Figure 6.  Define Slope Shape Factor. 
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Figure 7.  Determine Slope Shape Factor. 
 
 
 
A straight slope would result when the slope percentages of three cells are equal (or nearly equal).  



The AGNPS Data Generator assumes that anything within 0.1 percent is equal.  A convex slope 
would occur when the tail slope is less than both the middle slope and the front slope, in addition to 
the middle slope being less than the front slope.  A concave slope would occur in the opposite case, 
where the tail slope is greater that both slopes in front of it, and the middle slope is also greater than 
the front slope, as follows: 
 Where c is the front slope, b is the center cell slope, and a is the tail slope (Figure 7): 
  a = b = c    Straight        (1) 
  a < b < c    Convex        (2) 
  a > b > c    Concave        (3) 
 
Slope Length: Parameter 9, Slope Length, is currently a concern.  It seems that there is no 
unambiguous, consensus method for determining slope length.  Sample data that were provided with 
the AGNPS program contained the value of 100 ft for the slope length.  Many discussions led to the 
belief that a maximum value should be 300 ft.  Therefore, by taking the maximum, practical slope 
angle (45 degrees), one would be required to multiply the slope by roughly 6.6 in order to fit the 
AGNPS allowable range of 0-300.  By taking the slope, fitting it in this range, and subtracting the 
new value from 300, we calculate the slope length.  We have discussed various other approaches and 
algorithms but, on low-resolution data, the resulting slope length from these equations is too large to 
be meaningful. 
 
Parameters 10, 11, 12, 14, 15, 16, and 17: The program, using Imagine’s Spatial Modeler, creates 
these straightforward parameters (see Table 1 for parameter names) by simple lookups into the land 
cover or soil attributes. 
 
Parameters 13, 18, 19, 20, and 21: The values for these simple parameters were hard coded on the 
basis of advice from experts (e.g. hydraulic, biological, or agricultural engineers) in the local area.  
(See Table 1 for parameter names).  For example, Parameter 13, Practice Factor, is hard coded to 1.  
The factor is a ratio of soil loss to the corresponding loss with up-and-down-slope culture (Young et 
al., 1994).  For AGNPS input, this means that it is a worst-case situation.   
 
Type of Channel: Parameter 22, Type of Channel, is created primarily by using a program suite 
called TARDEM, developed by David G. Tarboton (2000) of Utah State University.  This collection 
of programs works with elevation data to create, among other things, a Strahler stream order.  Other 
programs, such as Arc/Info and GIS Weasel, did not generate a high enough stream order to meet 
our requirements.  The ASCII output from TARDEM served as input to a spatial model, which then 
reassigned the stream orders that were not large enough for concern.  The stream order can then be 
imported to an image file and through the model be combined with land cover to make certain that 
all bodies of water are accounted for. 
 
Extraction Methods: We extracted the requisite 22 AGNPS parameters from the three primary 
databases using object-oriented programming and macro languages embodied in our AGNPS Data 
Generator.  The ERDAS Imagine software was the primary tool used for manipulating the raster GIS 
databases.  The extracted parameters served as input to the event-based AGNPS for each of the 
watershed resolutions and for the two different watershed boundaries from NAWQA and Weasel. 

CREATING AGNPS INPUT, OUTPUT, AND IMAGES  
 



Input Data File Creation: After the input parameters are generated, the next step is to format these 
into a data file that AGNPS will accept and be able to read.  For programming control and to meet 
our software design, we stacked Imagine created images in order on the basis of their parameter 
values into one image (“.img” file).  We processed this image using our AGNPS Data Generator 
program to extract the data and format the information into the proper order as an AGNPS data file.  
Using the Imagine Developer’s Toolkit, we extracted the information from the image, converted it 
from binary to decimal, and wrote it in the proper cell-by-cell orientation required by AGNPS.  
Using the data from the image, we added parameters to the input file within the AGNPS Data 
Generator, such as Soil Information, which is optional information that is required whenever no 
water cell is present.  The values for additional parameters were hard coded into the program on the 
basis of value of the input. 
 
Output Image Creation: We inspected the output in the AGNPS standard output tabular/ numerical 
form.  In addition, we created graphical output for each model run by generating a series of 
multidimensional images from the numerical AGNPS output for each data resolution and model run. 
 The program “agrun.exe” (as controlled by the AGNPS Data Generator) creates a nonpoint source 
(“.nps”) file.  This is simply a data file much like the input data for running AGNPS  (Figure 8).  
Combining this information with the Parameter 1 (Cell Number) image allows the creation of new 
images so that the user can graphically display the output of AGNPS.  The Data Generator uses the 
Parameter 1 file to get the correct geographic orientation of the output information for the watershed. 
 In addition, the Data Generator uses Parameter 1 to gather statistics (so there is less need for user 
intervention) and to set the proper map model and projection information for the new output images. 
 
 
The basic flow for creating new images is create an image with a specific number of layers, fill all of 
the layers with the data from the AGNPS output file, and set projection information and statistics for 
each image.  The resulting images consist of multiple layers displaying the different runoff created 
by a single model event (Table 2).  Table 2 lists the data (per band) for each image.  The "xxx" at the 
beginning of the filenames in Table 2 represents the cell size.  (For any resolution, the program 
creates images to display the AGNPS 5.0 output).  For example, see Figures 9 and 10 for images 
created by the AGNPS Data Generator to aid users in visually analyzing model output.  The user can 
choose to display these images in Imagine, where the values for multiple layers can be seen at one 
time for any particular cell of the watershed the user wishes to evaluate. 
 
 
 
 
 
 
 
 
 
 
 

FEEDLOT 
**** 
INITIAL 



Watershed data 
76055.88 10.89 7.30 160.00 7838 000 4.88 24618.76 2376.20 
0.25 0.00 0.00 0.13 0.00 0.00 0.00 0.00 
**** 
SEDIMENT 
   0.01    0.12  11  22   25.77    0.01 1082.05 
   0.01    0.03  13   9    9.91    0.01  416.20 
   0.10    0.03   3   1    8.36    0.00  350.95 
   0.13    0.08   3   1    9.63    0.01  404.43 
   0.38    0.02   0   0    2.92    0.00  122.56 
   0.64    0.23   4   1   56.58    0.03 2376.20 
**** 
SOIL_LOSS 
 1 000 21.78 2.32 6.23 112.34 0.00 0.00   0.0 
      0.00   0.61  0.03   0.00  100 
      0.00   0.38  0.03   0.00  100 
      0.02   1.99  0.22   0.00  100 
      0.03   0.46  0.28   0.00  100 
      0.08   0.14  0.83   0.00  100 
      0.13   3.57  1.39   0.00  100 
 2 000 98.01 5.54 3.20 208.72 0.00 0.00   0.0 
      0.00   1.16  0.00   0.00  100 
      0.00   0.42  0.00   0.00  100 
      0.00   0.34  0.00   0.00  100 
      0.00   0.18  0.00   0.00  100 
      0.00   0.05  0.00   0.00  100 
      0.00   2.15  0.00   0.00  100 
 3 000 10.89 4.75 0.00 0.00 0.00 0.00   0.0 
      0.11   0.00  1.17   0.00  100 
      0.11   0.00  1.17   0.00  100 
      0.86   0.00  9.40   0.00  100 
      1.08   0.00 11.75   0.00  100 
      3.24   0.00 35.24   0.00  100 
      5.39   0.00 58.74   0.00  100 

. 

. 

. 
NUTRIENT 
 1 000 21.78       0.52  0.00     0.59  0.00   0.00 
         0.26  0.00     0.03  0.00  0.00          34.11   0.00   0.00 
 2 000 98.01       0.00  0.00     1.42  0.00   0.00 
         0.00  0.00     0.06  0.00  0.00           0.00   0.00   0.00 
 3 000 10.89      10.35  0.00     3.23  0.00   0.00 
         5.18  0.00     0.60  0.00  0.00         182.83   0.00   0.00 
 4 000 10.89       1.09  0.00     1.05  0.00   0.00 
         0.54  0.00     0.07  0.00  0.00          51.12   0.00   0.00 
 5 000 10.89       0.54  0.00     0.59  0.00   0.00 

. 

. 

. 

Figure 8.  AGNPS Data Output Example. 
 

RESULTS 
 

Collaboration continues between geographers, computer programmers, hydrologists, and hydraulic 
engineers to quantify the impact of geospatial resolution on model results.  This study demonstrated 
the efficacy of using GIS databases as sources in watershed modeling, particularly with the AGNPS 
Pollution Model.  We have demonstrated methods of automatically extracting the requisite input 
parameters for AGNPS from these databases.  This study showed implications of the results for 
watershed modelers using the AGNPS model based on four study watersheds.  Finally, we 
demonstrated the development and practical utility of an AGNPS-GIS Interface, the AGNPS Data 
Generator, as a tool for generating input, executing AGNPS, and analyzing model output. 

Table 2.:  AGNPS Data Generator Output Images (*.img) of AGNPS Version 5.00 
 



Filename Band Definition Units 
xxxhydro ++   
 1 Drainage Area acres 
 2 Equivalent runoff for the cell (Overland Runoff) inches 
 3 Accumulated runoff volume into cell (Upstream Runoff) inches 
 4 Upstream Concentrated Flow (Peak Flow Upstream) cfs 
 5 Accumulated runoff volume out of cell (Downstream Runoff) inches 
 6 Downstream Concentrated Flow (Peak Flow Downstream) cfs 
 7 Runoff generated above cell % 
xxxclay ++   
 1 Eroded sediment (Cell Erosion) tons/acre 
 2 Upstream sediment yield tons 
 3 Sediment generated within cell tons 
 4 Sediment yield tons 
 5 Deposition in the cell % 
xxxsilt ++ Repeat for same variables as xxxclay  
xxxSAGG ++ Repeat for same variables as xxxclay  
xxxLAGG ++ Repeat for same variables as xxxclay  
xxxsand ++ Repeat for same variables as xxxclay  
xxxtotal ++ Repeat for same variables as xxxclay  
xxxnitro ++   
 1 Drainage area acres 
 2 Cell sediment nitrogen lbs/acre 
 3 Sediment attached nitrogen lbs/acre 
 4 Soluble nitrogen in cell runoff lbs/acre 
 5 Total soluble nitrogen lbs/acre 
 6 Soluble nitrogen concentration ppm 
xxxphospho ++   
 1 Cell sediment phosphorus lbs/acre 
 2 Sediment attached phosphorus lbs/acre 
 3 Soluble phosphorus in cell runoff lbs/acre 
 4 Total soluble phosphorus lbs/acre 
 5 Soluble phosphorus conc. ppm 
 6 Cell COD yield lbs/acre 
 7 Total soluble COD lbs/acre 
 8 Soluble COD concentration ppm 

 
 



  
Figure 10.  Data Generator Image of 
Nitrogen Output.  Band: Red, 1, Drainage 
area; Green, 3, Sediment attached nitrogen; 
Blue, 5, Total soluble nitrogen.

Figure 9.  Data Generator Image of Hydrology 
Output.  Band: Red, 4, Upstream concentrated 
flow; Green, 3, Accumulated runoff volume 
into cell; Blue, 2, Equivalent runoff by cell. 
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DATA SHARING: A GIS APPROACH 
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Abstract:  An important aspect of hydrologic modeling is the dissemination of data and model 
results.  The internet offers a new vehicle for data and information sharing.  Unfortunately, 
publishing data and information to the web can often be tedious and difficult, and web 
presentation formats do not always lend themselves to user-friendly data sharing.  Since most 
hydrologic and hydraulic data have a spatial aspect, geographic information systems (GIS) can 
play an important role in the presentation of data.  A system has been developed at the U.S. 
Bureau of Reclamation to present hydraulic and hydrologic data, models, and model results 
through the web using the ArcView 3.x line of ESRI GIS products.  This system involves the 
sharing of data and model results using a visual, map-based browser interface that operates from 
a PERL-driven common gateway interface (cgi) script.  The system automates the creation of a 
map-driven web site based on any type of geospatial data, including simple model node diagrams 
and flow charts.  The system is customizable to most user needs, and offers an alternative 
method to web publication using more complicated GIS web publishing products. 
 

INTRODUCTION 
 
Background:  The growth of the World Wide Web (web) as an information resource has driven 
engineers to find new ways to present data electronically.  The field of hydrology is no 
exception, and engineers are continually seeking to present hydrologic information to 
stakeholders in innovative new ways.  Due to the highly spatial nature of hydrologic data, 
Geographic Information Systems (GIS) are becoming a tool of choice for hydrologists in their 
studies, and are providing effective solutions for data presentation on the web.  A wide variety of 
web applications have been created using GIS in recent years.  Engineers at the Bureau of 
Reclamation are currently perfecting one alternative for web presentation of hydrologic data 
utilizing ESRI’s ArcView 3.x GIS in conjunction with PERL common gateway interface (cgi) 
programming. 
 

GIS WEB DATA SHARING 
 
Existing Products:  There are currently a wide variety of GIS web interfacing applications.  One 
of the most prominent is the ArcIMS© application by the Environmental Systems Research 
Institute (ESRI, 2002).  This product allows users to offer data for presentation and analysis 
across the internet through the use of web browsers or locally installed ESRI products.  Many 
third party applications exist as well, such as WebView© (Zebris, 2002) and HTML Image 
Mapper© (alta4, 2002).  Each of the applications has a variety of advantages and disadvantages.   
 
PERL Web Visualization Application:  To provide a cost effective solution while avoiding 
many known problems with existing products, a new application was created using ESRI’s 
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Avenue scripting language for the ArcView 3.x line of products.  This application allows the 
user to create an interactive web site which displays specified geographic layers.  The application 
also provides the user with the ability to create hypertext links on the site for selected features in 
a geographic layer.  These links open new browser windows that display any type of predefined 
information such as data, feature attributes, images, animations, etc.  High interface 
responsiveness is achieved by utilizing fixed zoom levels (typically 3 to 5) where the ArcView 
rendered displays are converted to JPEG files and pertinent feature attribute information links are 
created.  In this manner, the user of the application has the flexibility to present any type of 
spatial data across the web. 
 
Processing steps:  Three distinct types of programming code are utilized in the application, as 
shown in Figure 1.  User specified layers are processed within ArcView using an Avenue script 
to create a set of static JPEG images, as well as a PERL coded text file.  The images and text file 
are then transferred to a web server where a PERL compiler has been installed.  When a web 
 

 
 
Figure 1. – 
Processing steps, 
for the case of 
displaying a 
RiverWare© “stick 
model” diagram. 
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browser interfaces with the PERL file, parameters are passed to the code that specify properties 
such as location, zoom level, and selection mode.  Operating on these parameters, the PERL 
code presents the web browser with a properly formatted HTML page containing the user 
requested map.  Whenever the user interacts with the map from the browser, a new set of 
parameters is passed to the PERL program, resulting in a new map.  The maps presented in the 
web browser can optionally have features that are linked to other web pages.  In this manner, the 
user can select a desired feature and display pre-defined information about the feature. 
 
Advantages:  The Avenue – PERL based system has many advantages.  One of the primary 
advantages of the application is its ease of setup.  The only requirement for its use on the web 
server is the installation of a PERL compiler, which is often a standard feature.  Additionally, 
users with Avenue or PERL programming experience can alter the formatting of the final web 
page to meet any specific needs.  The final CGI site has much of the functionality of existing 
GIS web interfaces, such as zooming, panning, and selection of features. 
 
Disadvantages:  As with any system, some distinct disadvantages exist.  The final web site 
operates using static JPEG images, increasing disk space requirements depending on the number 
of levels of zoom offered from the site.  Additionally, if data or feature attributes are displayed 
utilizing the feature linking capabilities, the web formatted data and attributes must be created 
separately.  The Avenue – PERL system does not offer a utility assist in the creation of the web-
formatted data or attributes. 
 
Applications of the system:  The ease of setup and flexibility of the system makes it useful for 
the display of a wide variety of hydrologic data.  An example of the application of the system to 
river survey data is illustrated in Figure 2.   

 
Figure 2. – Navigation window for river survey data.  Available cross sections are shown 
as red bars across the river in the left window. 
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Cross-sectional survey data is displayed in a browser window when a user clicks on the cross 
section of interest from the display window, as shown in Figure 3.  The data can then be used for 
a variety of applications, such as cross-sectional geometry for a hydraulic model.  Additionally, 
three-dimensional views of specific portions of the river can be displayed, potentially including 
results or animations from hydraulic modeling. 

 
Figure 3. – River cross-sectional data from user selected section. 

 
The application can also be used for data that is not necessarily directly linked to geographic 
features.  Several hydrologic river basin models such as RiverWare© (CADSWES, 2002) utilize 
a “stick model” approach for the display of the model system.  Since the display itself has a 
spatial aspect to it, the display can be converted into geographic layering for use in the GIS web 
application, as shown in Figure 4.   

Figure 4. – 
RiverWare© stick 
model diagram web 
display. 
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Once the model display has been processed to create a web site, model node attributes and model 
run results can be linked to the node features of the display.  An example of this type of 
application is shown in Figure 5. 

 
 

 
Figure 5. – RiverWare© user-selected node data. 

 
Conclusion:  The use of GIS provides engineers with a variety of options for the display of 
hydrologic data through the internet.  By utilizing Avenue code to create the necessary images 
and PERL to display HTML hyperlinks and other web elements, many types of data can be 
readily presented to stakeholders, providing valuable information through an easy-to-use map-
based interface. 
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Abstract:  Due to the relational capabilities of Geographical Information System (GIS) 
technologies, computer programs that model physical characteristics of the earth can be linked 
to maps and databases of those same features, thereby providing a very powerful analysis and 
visualization tool.  In the case of the Marlinton Local Protection Project (LPP), the primary 
function of the GIS was to provide input for the hydrologic and hydraulic models as well as a 
viewing system for the model output.  Significant time savings were achieved by utilizing GIS 
technologies to prepare model input/output as an alternative to traditional methods.  With this 
in mind, the GIS layers were developed for model input and formatted in order to accept the 
numerical model output with minimal effort between multiple model computational analyses.  
In support of detailed hydrologic and hydraulic studies associated with the Marlinton LPP, 
internal design teams were assembled to address hydrology and hydraulic modeling issues 
utilizing the latest advancements in numerical modeling application software.  Collectively, 
these design teams gathered the necessary data to construct computer models that were 
specifically oriented to support the design specifications of the flood protection system.  The 
Hydrologic Engineering Center, Hydrologic Modeling System (HEC-HMS) and River 
Analysis System (HEC-RAS) numerical computer models as well as the proprietary 
numerical software XP-SWMM2000 were utilized for specific project tasks associated with 
the Marlinton LPP.  Taking advantage of the internal GIS capabilities of the various software 
packages streamlined the process for project development and analyses.  In addition to the 
engineering aspects associated with the Marlinton LPP, it was anticipated that significant 
public education and awareness of the project was necessary to achieve the goals of the 
project.  As a result of the GIS approach to the project, local residents were capable of 
visualizing the various alternatives in a format that afforded the opportunity to see the solution 
on a map with other recognizable landmarks and more easily understanding the proposed 
alternatives from their own perspective.  Maps with photographs of buildings and interactive, 
dynamic 3-D presentations can assist in explaining complex issues where written reports fall 
short.  Residents were capable of visualizing pre- and post-project conditions, including rapid 
inundation from exterior and interior storm events, and relate in real space exactly how the 
implementation of the Marlinton LPP would affect their interests.   

Second Federal Interagency Hydrologic Modeling Conference  July 28-August 1, 2002 

Understanding the concepts, applying the tools and taking advantage of GIS capabilities as 
well as the more robust capabilities of today’s hydrologic and hydraulic software applications 
can greatly reduce redundancy and increase efficiency in developing engineering products. 
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INTRODUCTION 

During the development of the Marlinton Local Protection Project (LPP), it became evident 
that emerging technologies with respect to Geographical Information System (GIS) 
integration could serve as a useful tool for project design, economic evaluation and 
demonstration of project features through visualization.  Numerous variations of hydrologic 
and hydraulic modeling were conducted in order to define the project.  The variations included 
iterations of the Hydrologic Engineering Center, Hydrologic Modeling System (HEC-HMS); 
River Analysis System (HEC-RAS); and the proprietary software XPSWMM2000, which 
incorporates the Storm Water Management Model, developed by the Environmental 
Protection Agency.  Interaction of these models did not present a user friendly pallet on an 
individual basis, whereas collective parameter input and resultant output within a GIS 
database afforded the opportunity to examine pre- and post-project features and their 
subsequent affects. 

PROJECT DESCRIPTION 

Marlinton LPP Generalized Background:  The U.S. Army Corps of Engineers, 
Huntington District (COE) completed the Greenbrier Limited Evaluation Report, dated 
December 1997, to determine if viable alternatives for local flood protection exist for 
communities within the basin.  In the aforementioned report, the COE identified two 
structural alternatives for the town of Marlinton and community of Riverside that 
warranted more detailed analyses under a full feasibility investigation.  In 1999, the COE 
initiated a feasibility study for the Marlinton LPP; of which the two structural alternatives 
as well as non-structural alternatives were to be evaluated.  Marlinton, the county seat of 
Pocahontas County, is located in eastern West Virginia along the left-descending bank of 
the Greenbrier River.  The community of Riverside is situated immediately upstream of 
Marlinton along the right-descending bank of the Greenbrier River.  Figure 1 depicts the 
described project area.  The principal flood problems to the project area are overflows of 
the Greenbrier River and Knapp Creek.  History of flooding in the immediate area 
indicates that flooding can occur any time of the year.  The flood of record occurred in 
November 1985, with an exceedence interval greater than the expected 1% chance 
exceedence event. 
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Basin and Stream Characteristics:  The Greenbrier River is a tributary of the New River.  
The Greenbrier River Basin lies wholly within West Virginia and the physiographic province 
known as the Appalachian Plateau.  The topography of the watershed is generally rugged and 
well dissected.  The Greenbrier and tributaries flow in deep, narrow, sinuous valleys between 
steep-sided ridges. Average slopes for the various tributaries are greatest for streams in the 
mountain portions of the Ridge and Valley and Appalachian Plateaus.  For areas of similar 
topography, the slope is related to the drainage area, becoming steeper as the area becomes 
smaller.  Various slopes for the main portions of the major tributaries range from 
approximately 8 ft./mile to 144 ft./mile.  The Greenbrier River is 167 miles in length and 
encompasses a total drainage area of 1641 square miles, which accounts for 26 percent of the 
New River Basin at its confluence near Hinton, West Virginia.  The rolling and rugged hills of 
the basin and the moderately steep profiles of the streams cause comparatively high peak  



discharges and short flood 
durations.  Flash floods occur 
in many areas of the basin 
leaving little or no time to 
warn the residents of 
impending disaster.      

Seventy one percent of the 
basin is forestland; the 
hydrologic cover condition of 
the land use is of major 
importance.  The hydrologic 
condition of forestland 
reflects the influence of 
vegetative cover, geology, 
soils, land treatment, and use 
on the entrance and storage of 
precipitation in the soil 
mantle.  In addition, it reflects 
the capacity of the surface soil 
to infiltrate precipitation, and 
also the rate of subsurface 
storm flow movement.  The 

amount of water percolating into the ground water table is usually a function of the physical 
characteristics of the soil and the geology.  Surface runoff, or overland flow, rarely occurs 
on forestland that has sufficient litter and humus to protect the soil surface. 

Figure 1. 

Greenbrier River

Knapp Creek

Marlinton Levee/Floodwall

Riverside Levee/Floodwall 

 
The Greenbrier River Basin lies in the temperate zone and experiences the usual seasonal 
variations in temperature.  The basin is affected by frontal air-mass activity, and is 
subjected to both continental polar and maritime tropical air masses.  Frequent and rapid 
changes in the weather occur due to the passage of fronts associated with general low-
pressure areas.  The prevailing wind direction is from the southwest.  Most storms move 
from the southwest to northeast with the exception of tropical storms moving up the east 
coast.  Several of these storms have produced significant amounts of rain over the 
Greenbrier River Basin within the past twelve years.  Eight significant events occurred in 
1996, two of which were major floods (January 19th, May 17th).  Occasional stagnation 
and stationary developments produce prolonged precipitation.  In addition, snow cover, 
saturated or frozen ground or combinations thereof may greatly increase runoff rates and 
volumes.  Storms of the conventional or “thunderstorm” type are also prevalent over the 
Greenbrier River Basin as evidenced by the storm of November 1985. 
 
Greenbrier Frequency Update:  A cursory review of available discharge frequency 
information for the Greenbrier River was performed after the occurrence of the January 
1996 flood event.  The purpose of the review was to assess the potential effects of two 
large flood events (November 1985 and January 1996) on the discharge frequency 
analysis for the Greenbrier Basin.  The review of this data indicated that the previous 
studies had not considered the two larger events and funding was not made available to 
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undertake a detailed investigation of the basin.  In May 1996, another event occurred 
producing widespread flooding in the headwaters of the Greenbrier Basin.  The 
occurrence of a second major event in the same year clearly indicated the need to update 
the frequency analysis for the basin. 

 
The January 1996 flood was the result of a large amount of snow accumulation on the 
ground.  The National Weather Service reported this unusual event occurred as a result of 
a snow pack (3-4 feet), compounded with several days of warm weather and a significant 
amount of rain blanketing the entire basin.  Runoff for the January 1996 event was evenly 
distributed throughout the basin with observed discharges being lower in the headwaters 
and larger in the downstream stations as compared to the November 1985 flood event. 
 
The rainfall isohyetal patterns indicate that the May 1996 flood event was centered on the 
headwaters of the basin, thereby, producing widespread flooding in the Cass and Durbin 
areas.  The flooding in lower reaches of the Greenbrier Basin was not as severe in May as 
they were during the January 1996 event.  A comparison of the discharges generated by 
the two 1996 storm events produced greater discharges throughout most of the basin with 
exception to the Durbin headwater area.  Recalculation of the Durbin frequency curve 
was conducted utilizing the May 1996 data rather than the January 1996 values.  As 
expected, the calculated skew, mean and standard deviations were slightly altered; 
however, not enough to affect the generalized and adopted skew values.  Sensitivity of 
the statistical analyses was performed using generalized values of ±50% with no 
significant changes in the critical statistics.  Consequently, it was recommended that the 
generalized skew value of 0.40 be returned for the Greenbrier Basin.  The updated 
hydrologic study was utilized to provide discharges for contributing tributaries at various 
exceedence intervals for the town of Marlinton.  Elevation frequency was developed by 
utilizing river ratings, which were determined by backwater studies using the Hydrologic 
Engineering Center, River Analysis System (HEC-RAS) and Water Surface Profile 
(HEC-2) numeric computer models.  Based on the aforementioned frequency 
investigation, the November 1985 flood of record for the town of Marlinton was 
established at a 350-year recurrence interval. 
 

FLOOD PROTECTION ALTERNATIVES 
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Alternative 1 involves the construction of a levee/floodwall system and interior drainage 
features (interceptors, pump stations, etc.).  Alternative 2 incorporates a diversion dam 
and diversion channel along with the aforementioned levee/floodwall system and interior 
drainage features.  The purpose of the diversion dam and diversion channel components 
is to direct and convey Marlinton headwater flooding from Knapp Creek to a point 
downstream of its existing confluence with the Greenbrier River.  Low flow and bank-
full discharge through the lower reach of Knapp Creek would be facilitated through a 
control structure at the diversion dam.  Implementation of the diversion dam and 
diversion channel would eliminate the segment of levee/floodwall extending along the 
right-descending bank of Knapp Creek.  Alternative 3 consists of the evaluation of an 
array of non-structural options, such as in-place flood proofing and acquisition, 



commercial redevelopment combined with Riverside levee protection and in-place flood-
proofing/acquisition, or offsite residential and commercial redevelopment. 

 
MARLINTON LPP GIS APPLICATIONS 

 
Expectations:  Due to the relational capabilities of GIS, computer programs that model 
physical characteristics of the earth can be linked to maps and databases of those same 
features, thereby providing a very powerful analysis and visualization tool.  The primary 
function of the GIS was to provide input for the hydrologic and hydraulic models as well 
as a viewing system for the model output.  Significant time savings was achieved by 
using the GIS database to prepare the model input as an alternative to traditional 
methods.  With this in mind, the GIS layers were formatted correctly to accept the model 
output with minimal effort between numerical simulated model runs.  An example of this 
was to delineate cross-sections in the GIS and extract channel and overbank geometry for 
input to HEC-RAS from the Digital Elevation Model (DEM).  By default, these sections 
were ready to accept water surface elevations from the model output, thereby plotting the 
floodplain for any storm event. 
 
In addition to the engineering aspects, another noticeable project expectation included 
utilizing the GIS for public presentations.  It was anticipated that significant public 
education was necessary to achieve the goals of the project.  Residents were capable of 
seeing the solution on a media with other recognize landmarks and more easily 
understand the proposed alternatives in relation to their perspective.  Maps with photos of 
buildings and interactive, dynamic 3-D presentations were used to assist in explaining 
complex issues where written reports fall short. 
 
Other project expectations identified during the formulation of the GIS database included 
the capability to query flooded structures, damage assessments of flooded structures, 
view boring logs, summarizing comparisons of alternatives for pre- and post-project 
conditions for selected storm events, standardizing map layouts and productions at fixed 
scales as well as rendering of proposed alternatives for flythrough animation. 
 
Software:  The specific software utilized for the GIS was ArcView, Version 3.2 with a 
variety of extensions including Spatial Analyst and 3-D Analyst.  Metadata was prepared 
in accordance with the applicable provisions of the Content Standards for Digital 
Geospatial Metadata Workbook, Version 1.0, Federal Geographic Data Committee, 
March 24, 1995 and ER1110-1-8156, Policies, Guidance and Requirements for 
Geospatial Data and Systems, dated 1 August 1996.  Fly-through animations were 
developed using 3DNature’s World Construction Set, Version 4.55. 
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Procedures:  In support of detailed hydrologic and hydraulic studies associated with the 
Marlinton LPP, internal design teams were assembled to address hydrology and hydraulic 
modeling issues utilizing the latest advancements in numerical modeling application 
software.  Collectively, these design teams gathered the necessary data to construct 
computer models that were specifically oriented to support the design specifications of 



the flood protection system.  Taking advantage of the internal GIS capabilities of the 
various software packages streamlined the process for project development and analyses. 
 
Black/white aerial photography was created from 9-inch by 9-inch hard copies which 
were first scanned (1200dpi) and then georeferenced with an Image Analysis Extension 
within ArcView into a continuous mosaic of images.  This process enabled projection of 
images into the local coordinate system (State plane Zone 5676 South Zone NAD83).  
The processed images were then merged into one compressed image using the MrSid 
Software. 
 
Base map levels from Microstation 
files were imported and organized 
into ARC/INFO coverages.  This 
allowed the base map to be utilized 
by both ArcView and ARC/INFO 
GIS (UNIX and NT).  DEMs were 
then created to represent the 
topography for existing and 
proposed conditions.  The DEMs 
were created using numerous 
elevation datasets, including 
contours, breaklines, levee 
information and spot elevations.  For 
analysis purposes, DEMs were created with a 1 foot resolution.  Specific cross-sections 
were digitized on the base maps with the appropriate river mile and section 
identifications for usage as input to the numerical models. 
 
GIS coverages were created from the original 29 Microstation files for the following 
datasets: subsurface borings, bridges, buildings (residential and commercial), catch 
basins, contours (for pre- and post-project), spot elevations, fence/guardrails, hydrology 
spot elevations, stream locations, index contours, photo locations, roads, 
treeline/locations and utility points.  All definable shape features were “hot linked” to 
inventory attribute tables including, but not limited to boring log files, project feature 
photos, catch basin geometric configurations as well as structures including content and 
damage correlation for the range of flood scenarios. 
 
Numerical Analyses: 
 
Greenbrier River Water Surface Profiles:  The majority of the input data was obtained 
from topographic maps compiled from aerial photography (1997), at a scale of 1”=200’ 
with a contour interval of 2 feet.  Field surveys conducted in 1999 were cross-referenced 
to account for development and topographic alterations that have occurred since the 
original orthophotogrammetry was obtained.  Revised digital terrain model (DTM) data 
as well as field surveyed bathymetry were utilized to generate composite digital elevation 
model (DEM) surfaces for development of input to the HEC-RAS numerical model 
(geometry file).  A composite HEC-RAS baseline model was developed in order to 
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simulate Greenbrier River backwater effects at its respective confluence with Knapp 
Creek and Stony Creek.  All geometric input data to the HEC-RAS project file was geo-
referenced to state plane coordinates within the GIS database.  Original topographic and 
field survey data encompassed the bridge surveys to obtain pertinent elevations and 
structural geometry for all bridges in the project area.  Field investigations and sound 
engineering judgment were utilized to establish coefficients for hydraulic computations 
associated with bridge and multiple opening analyses.  Using the table of Manning’s n-
values in Chow (1959) as a guide, initial approximations of overbank and channel n-
values were determined by review of the orthophotography and field investigations.  In 
addition, ineffective flow areas and blocked obstructions were determined based upon 
review of the topographic mapping and field investigations.  Sensitivity analyses were 
conducted for coefficients and factors, which would have the most significant variation to 
the numerical modeling. 
 
Calibration of the numerical model was facilitated by water surface profile comparisons 
to high water marks that were established after the recession of the flooding that occurred 
in November 1985.  Qualitative analysis of high water data was considered during 
validation of resultant water surface profiles.  Sensitivity analyses of hydraulic 
coefficients were performed in order to establish final values for model calibration. 

 
Existing condition water 
surface profiles were developed 
for the Greenbrier River 
beginning near the Buckeye 
gage at river mile 103.098 
(downstream of Marlinton) and 
continuing to river mile 
110.7665, inclusive.  In 
addition, 2.8094 and 0.8955 
river miles of water surface 
profiles were developed for 
Knapp Creek and Stony Creek, 
respectively.  Profiles were 
developed for the 99, 50, 20, 
10, 5, 2, 1, 0.5, and 0.2% 

chance exceedence events, as well as the flood of record, November 1985 event.  The 
starting water surface elevations for the profiles on the Greenbrier River were taken from 
a rating curve established for the Buckeye stream gage.  Water surface boundary 
conditions for Knapp Creek and Stony Creek were dependent upon the junction 
interaction of their respective confluence.  The level of protection for the Marlinton LPP 
was established to be the November 1985 flood of record.  This flooding event was 
utilized to establish top of protection for levee and/or floodwall protection limits as well 
as other proposed project features, which are directly related to out-of-bank river 
conditions.  Coincidental sensitivity was evaluated to determine the Greenbrier River 
backwater effects along Knapp Creek and Stony Creek.  This was necessary to establish 
backwater control extents of the Greenbrier River against headwater flooding on the 
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aforementioned tributaries.  Level of protection from an interior drainage perspective was 
evaluated taking into consideration the November 1985 rainfall as well as 1% chance 
exceedence point rainfall. 
 
Interior Drainage:  Implementation of a levee/floodwall system for the town of 
Marlinton and community of Riverside necessitated an evaluation of the interior drainage 
features (existing and proposed) for the project area.  This is necessary to determine 
potential impacts associated with interior flooding due to localized runoff behind the lines 
of protection as well as to provide a means to offset these potentially induced impacts.  
Hydrology for the interior drainage segment to the Marlinton LPP was developed 
utilizing HEC-HMS.  The project area was divided into several sub-basin areas for 
evaluation using the SCS Method for developing unit hydrographs.  Sensitivity analyses 
were conducted for coefficients and factors, which would have the most significant 
variation to the numerical modeling.  Point rainfall storm events were generated for the 
99, 50, 20, 10, 5, 2, and 1% chance exceedence utilizing the Weather Bureau Technical 
Paper 40 and the National Weather Service Technical Memorandum HYDRO-35.  
Consideration was given to the November 1985 storm event as it occurred.  However, the 
controlling event for the interior drainage is the 1% chance exceedence point rainfall.  
Therefore, the design rainfall for the Marlinton LPP was set at the 1% chance exceedence 
point rainfall.  Recharge rates from groundwater were converted to a base flow for 
antecedent conditions and then introduced into the storm hydrographs for the analyses.  
Antecedent groundwater conditions did not reduce the available storage nor did the 
recharge rates produce a major volume change for the inflow hydrographs. 
 
To more accurately capture the effects of topography and resultant interior surface water 
flow patterns, Marlinton and Riverside were divided into several subareas.  Geometric 
input data was obtained from topographic mapping compiled from aerial photography 
(1997) at a scale of 1”=200’ with a contour interval of 2 feet.  USGS topographic data 
was cross-referenced to account for those areas not encompassed in the original mapping.  
For each subarea hydrologic parameters were obtained for input to the hydrologic model.  
Evaluation of existing conditions was conducted using HEC-HMS; whereas, evaluation 
of post-project conditions was conducted using the storm water management computer 
model XPSWMM2000.  XPSWMM2000 is a powerful, graphically-based storm water 
support system, which is capable of numerically modeling storm water networks 
consisting of open and/or closed conduits under a variety of outlet and flow conditions.  
In addition, the Hydraulic Design Package for Channels (SAM), developed by U.S. Army 
Corps of Engineers Waterways Experiment Station, was used to develop ratings for areas 
within the interiors that acted as “weirs”.  Development of the rating for the weirs was 
essential to determine the transfer of interior runoff from one subarea to another subarea.  
 

Second Federal Interagency Hydrologic Modeling Conference  July 28-August 1, 2002 8

A cursory analysis of the existing storm water system for the project area was conducted 
and determined to be inadequate to incorporate as a functional portion to the interior 
drainage network of the project.  The existing system is a combined storm and sanitary 
system, which possesses numerous capacity inefficiencies as well as creating 
environmental concerns if utilized as a functional feature of the project.  Therefore, 



analyses of existing and post-project interior storm events did not account for the existing 
storm water system.   
 
A variety of scenarios were applied through the numerical modeling process for purposes 
of pre- and post-project conditions.  Existing conditions for interior runoff reflect no 
project improvements and are controlled through either low or high river stages.  Bathtub 
conditions represent implementation of the proposed levee/floodwall alignment without 
construction of interior drainage features.  This is considered the worst-case scenario 
since all interior runoff would be collected behind the lines of protection with no means 
of release from the interior being afforded.  Gravity conditions utilize the same 
configuration as the bathtub scenario; however, gravity outlets are introduced to release 
interior runoff during low river stages.  Pumping conditions reflect full project 
implementation, including proposed lines of protection, gravity outlets and pumping 
facilities.  Coincidental analyses of interior runoff versus river conditions were conducted 
to determine the control base conditions for evaluating the required interior drainage 
features of the project.  The design of interior drainage features was conducted once pre- 
and post-projects conditions were assessed.  A post-project drainage network was 
developed which incorporated the natural topographic, drainage characteristics of the 
project area.  First floor elevations and subsequent induced damage values, obtained from 
the Greenbrier Limited Evaluation Report, were utilized to establish the final geometric 
configurations and dimensions of the drainage network as well as provide the required 
capacities for pump station designs.  Portable and permanent pump station locations and 
other interior drainage features were configured in order to account for the natural 
drainage features of the topography as well as minimizing disturbances during 
construction.  Interior drainage features consisted of natural overland conveyance and/or 
closed conduits, which were sized in order to convey interior runoff to the predetermined 
pump locations. 
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Hydraulic Impacts:  
Implementation of either 
structural alternative results in 
hydraulic impacts on those 
areas not protected by the lines 
of protection.  Due to the 
constriction of the flow to the 
channel and non-protected 
overbank areas, induced water 
surface elevations above the 
design flood are realized 
throughout portions of the 
project reaches as well as 
upstream of the project area.  
Heights of protection take into 

account this increase while also providing a level of superiority against debris blockage 
and sediment accumulation throughout the project area.  However, structures and lands 
that lie outside the lines of protection and experience an increase in water surface in 



excess of that which occurred in November 1985 were addressed in a real estate takings 
analysis. 
 
While the interior drainage evaluations for both Alternative 1 and Alternative 2 indicate 
that implementation of the flood protection project does not adversely impact interior 
conditions, there remains some interior residual flooding with either alternative in place.  
Low elevation areas along the Greenbrier River Trail, near Knapp Creek, will receive the 
majority of the residual flooding.  Some residences as well as the areas near the 
Marlinton Elementary School would be surrounded by residual flooding; however, first 
floor elevations of structures will not be inundated.  In addition, some roadways would be 
inundated; however, this condition would be less than 24 hours in duration and is 
considered to be a worst case scenario.  Design of the interior drainage facilities is such 
that shallow sheet flow is permitted prior to significant depths being realized.  Pumping 
conditions and interior drainage features maintain an interior residual flooding elevation 
below first floor elevations in the respective residential and commercial areas. 
 
Output results from numerical 
modeling for both exterior and 
interior conditions on pre- and 
post-project configurations 
were linked through attribute 
tables to delineate inundation 
limits.  The linkages were 
originally established during 
development of the DEMs and 
cross-section identifiers for the 
input to the numerical models.  
This process facilitates easier 
data transfer in order to create 
inundation limits for any flow 
conditions that are desired.  
GIS inundation output from hydrologic and hydraulic models assisted in more detailed 
analyses of exterior and interior economic evaluations.  Through utilization of the GIS, 
queries of the database under a matrix of benefit-cost analyses were made more 
simplistic.  Having the GIS database of structure inventory and subsequent damages 
associated with various flood levels in conjunction with the shape files and depth grid 
coverages of residual flooding, affords the opportunity to perform interior pump station 
optimizations as well as exterior project impacts with relative ease.  Conducting the 
hydrologic and hydraulic investigations under a variety of scenarios and depicting results 
within the GIS, then comparing costs associated with queried benefits (of information 
contained in the database) streamlines the process for designers. 
 
Understanding the concepts, applying the tools and taking advantage of GIS capabilities as 
well as the more robust capabilities of today’s hydrologic and hydraulic software applications 
can greatly reduce redundancy and increase efficiency in developing engineering products. 
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LINKAGE OF HYDROLOGIC AND ECOLOGICAL MODELS: SICS AND 
ALFISHES 
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Eric Swain, U.S. Geological Survey 
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Abstract: The U. S. Geological Survey has developed two separate models applicable to 
the southern Everglades. The Southern Inland and Coastal System (SICS) model is a 
hydrodynamic surface-water model modified for wetlands application, and was recently 
coupled to a ground-water model to account for leakage and salinity transfer. The Across 
Trophic Levels System Simulator (ATLSS) is a suite of ecological models that are 
designed to assess the impact of changes in hydrology on biotic components of the 
southern Florida ecosystem. 

ATLSS implements a multimodeling approach that utilizes process models for lower 
trophic levels, structured population models for middle trophic levels (fish and 
macroinvertebrates), and individual-based models for large consumers. ATLSS requires 
the hydrologic input to assess the effects of alternative proposed restoration scenarios on 
trophic structure. An ATLSS model (ALFISH) for functional fish groups in freshwater 
marshes in the Everglades of southern Florida has been extended to create a new model 
(ALFISHES) to evaluate the spatial and temporal patterns of fish density in the resident 
fish community of the Everglades mangrove zone of Florida Bay. Prior to the 
development of ALFISHES, the estuarine interface had been excluded from ATLSS due 
to the lack of reliable hydrologic information. 

The ALFISHES model combines field data assessing the impact of salinity on fish 
biomass with hydrologic data from the SICS model. The estuarine landscape is 
represented by a grid of 500 x 500-meter cells across the coastal areas of the Florida Bay. 
Each cell is divided into two habitat types; flats, which are flooded during the wet season, 
and creeks, which remain wet and serve as refugia during the dry season. Daily 
predictions of water level and salinity are obtained from the SICS model output, which is 
resampled at the 500-meter spatial resolution of the ALFISHES model. The fish spread 
out into the flats during flooded conditions. As the dry season approaches, cells dry out 
and the fish either retreat by moving into creeks, move to other spatial cells, or die if their 
cell dries out. The ALFISHES model incorporates an assumption based on field data that 
the productivity, expressed as the amount of lower trophic level biomass, is inversely 
correlated with salinity. The model output may be used to assess the impact of changes in 
hydrology on fish biomass and its availability to wading bird and other consumer 
populations. 

Calibration of the SICS/ALFISHES linkage requires hydrologic and ecological data 
sampled from the landscape. The primary means of evaluating the linkage is the 
comparison with hydrologic and drop-net data collected at three field sites in the Florida 
Bay mangrove zone. Both SICS and ALFISHES are evolving as data and calibration 



information becomes available for each. This makes their linkage change iteratively. 
With the development of restoration scenario capabilities in the SICS model, the 
SICS/ALFISHES coupling should prove an effective tool for evaluating the potential 
impact on the wading bird population in the Everglades mangrove zone. 

INTRODUCTION 
Wading birds have long been a predominent feature of the Everglades mangrove zone of 
Florida Bay. In particular, the Roseate Spoonbill (Ajaia ajaja), a key indicator species 
due to its strong site fidelity (J. Lorenz, National Audubon Society, oral commun., 2000), 
has been in decline in recent years. It has been proposed (Lorenz et. al., 2000) that 
changes in the natural pattern of water delivery from the freshwater marshes to the 
mangrove zone have played a significant role in the decline of the local Roseate 
Spoonbill population due to reduced availability of local estuarine fish, its primary food 
source. Small estuarine fish are an important food source, directly or indirectly, for many 
wading birds, crocodiles, and large predatory fish in the southern Everglades mangrove 
zone of Florida Bay. Changes in hydrology upstream have increased salinity and altered 
flooding regimes. A recent study of the impact of hydrology on the community of small 
mangrove fish in Taylor Slough and C-111 basins (Lorenz, 1997; 1999) suggests these 
changes may have altered the composition of the resident fish community and affected 
the relative availability of prey base fish. The ability to link the predicted hydrology to 
the ecological response, such as fish population is an important part of evaluating the 
effectiveness of water-delivery schemes. 

The U. S. Geological Survey has developed two separate models applicable to the 
southern Everglades. The Southern Inland and Coastal System (SICS) model is a 
hydrodynamic surface-water flow model modified for wetlands application, and recently 
coupled to a ground-water model to account for leakage and salinity transfer. The Across 
Trophic Levels System Simulator (ATLSS) is a suite of ecological models that are 
designed to assess the impact of changes in hydrology on biotic components of the 
southern Florida landscape (DeAngelis et. al., 1998). 

ATLSS implements a multimodeling approach that utilizes process models for lower 
trophic levels, structured population models for functional groups of fish and 
macroinvertebrates, and individual-based models for large consumers. To simulate the 
dynamics of the estuarine fish community, a model of functional fish groups was 
developed within the ATLSS modeling framework. An existing ATLSS model (ALFISH 
version 5.0.0) for functional fish groups in freshwater marshes in the Everglades 
(multicolored areas in Figure 1) was extended to create a new model (ALFISHES) to 
evaluate the spatial and temporal patterns of fish density in the Everglades mangrove 
zone of Florida Bay. ALFISHES requires input from a hydrologic model to assess the 
effects of alternative proposed restoration scenarios on trophic structure. The water depth 
and salinity information computed by SICS represents the most complete application to 
date of the hydrodynamic and transport equations to represent the wetland flow and 
salinity movement in the coastal area of the southern Everglades. The areal distribution of 
water depths and salinity computed by SICS is used to drive the various components of 
ALFISHES.  
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Figure 1: Subregions for ALFISHES and Study Area and Location of Field Sites 

(WCA, Water Conservation Area; BCNP, Big Cypress Natural Preserve; 
LPK, Long Pine Key; STS, South Taylor Slough; ME, Mangrove Estuary 

The primary objective of the ALFISHES model is to provide a tool for assessing the 
impact of hydrology on fish of the Everglades mangrove zone of Florida Bay and 
ultimately, the impact of hydrology on wading birds and crocodiles. By using the SICS 
numerical model to represent water-management scenarios, the impact of different 
scenarios on wildlife populations may be evaluated. The model also provides a generic 
framework that allows for the input of static and dynamic landscape features imported 
from a geographical information system (GIS) or other spatial models of physical 
features. The landscape model structure may be readily reused for other ecological 
models in the mangrove zone.  

MODEL DESCRIPTION AND SOLUTION METHODS 
SICS numerical model: The SICS model is a hydrologic model that evolved from a two-
dimensional hydrodynamic surface-water model to a coupled surface-water/ground-water 
model with salinity transport. Surface water is represented by the SWIFT2D dynamic-
wave code. This code was originally designed to represent transient two-dimensional 
flow in water bodies while accounting for wind forcing, lateral boundaries, point inflows, 
and the transport of conservative and nonconservative constituents. Modifications were 
made to account for rainfall and evapotranspiration volumes and their effects on 



constituent concentration. The effects of ground-water interactions were significant 
enough to require a coupling of SWIFT2D to the three-dimensional variable-density 
ground-water code SEAWAT that also models salinity transport. With leakage between 
the surface-water and ground-water systems accounted for, the ability to simulate the 
hydrologic system was greatly improved, especially in representing coastal salinities.  

The SICS model is constructed using a 305 x 305-meter finite-difference grid for the 
surface-water and ground-water models. Water level and salinity are computed for each 
cell; flow between cells also is computed. It is necessary to spatially interpolate these 
values to input them into the 500 x 500-meter ALFISHES model grid. The surface-water 
model generates data at a 7.5-minute interval, which must be averaged to compute the 
daily data used for ALFISHES.  

Boundary conditions for the SICS model must contain salinity information, as well as 
water-level or discharge data, to define the hydrodynamic driving forces. The southern 
boundary is defined by water levels in Florida Bay (Figure 2). Monitoring stations in the 
bay also help to define the salinity along this boundary. Northern boundaries are 
primarily defined by discharge values, and their salinities are normally considered to be 
negligible. The boundary conditions in the SICS model have a substantial effect on the 
model's hydrologic output and the effects on ALFISHES.  

no data
no data
Sawgrass
Sawgrass/Bunchgrass
Sawgrass/Rush
Rush
Evergreens
Mangrove/Buttonwood
Mangrove/Water
Open Water
Field Site

SICS study area

ALFISHES study area

 
Figure 2: SICS Vegetation map (adapted from Carter et al., 1999) with the SICS 

and ALFISHES study areas 
The SICS model has the capability to represent potential restoration scenarios and their 
impact on relevant hydrologic parameters. The scenarios of interest involve variations in 
the operations of control structures that regulate flows into the SICS area and the addition 
or removal of control structures and canals. Most of these proposed changes occur 
outside the SICS study area. In order to use the SICS model to represent these changes, 
the regional South Florida Water Management Model (SFWMM) is used to generate 
SICS boundary conditions. The SFWMM, developed by the South Florida Water 
Management District (SFWMD), simulates the hydrology of the southern Florida 
peninsula on a larger scale, using 3.2 x 3.2-km grid cells. The operational scenarios are 



simulated in the SFWMM and boundary conditions generated for the SICS model. In this 
way, SICS can represent hydrologic change on a smaller scale and with more complex 
equations than the SFWMM. This adds versatility to the SICS/ALFISHES coupling, and 
makes more accurate scenario testing possible.  

ALFISHES landscape fish model: The structure of the ALFISHES model is derived 
from an earlier model (ALFISH version 5.0.0) for functional fish groups in the freshwater 
marshes of the Florida Everglades (Gaff et al., 2000). ALFISH extends a single cell fish 
model of DeAngelis et al. (1997) to model the entire marsh landscape as 500 x 500-meter 
spatial cells on a grid overlaying the 40,000 km2 Everglades freshwater drainage basin 
from Lake Okeechobee south to Florida Bay. The multiple grid layers of the model 
include static layers, such as vegetation types and topography, combined with dynamic 
layers such as hydrology and fish biomass. The ALFISH model was developed to 
incorporate spatially explicit hydrologic data from the SFWMM and has been used to 
evaluate alternative water-management scenarios of the Florida Everglades region.  

Linking SICS and ALFISHES to Model System Dynamics: The SICS model region 
encompasses the coastal and offshore areas of Everglades National Park and Florida Bay 
(figures 1 and 2). The ALFISHES model landscape represents the intersection between 
two subregions, E. Panhandle ME and LPK/STS ME, that are associated with the 
mangrove zone north of Florida Bay and the SICS modeling region (Figure 2). Daily 
snapshots of water depth and salinity for each cell are generated by SICS for input into 
ALFISHES. Spatial interpolation methods provided by the ATLSS landscape classes 
(Duke-Sylvester and Gross, 2002) were used to map these hydrologic data into the 500 x 
500 meter ALFISHES model grid.  

The dynamics of the Everglades landscape is characterized by periodic dry-downs and 
refloodings. The impact of hydrology in the single cell fish model of DeAngelis et al. 
(1997) was captured by dividing the habitat within the cell into three parts: marsh, pond, 
and solution holes. The marsh areas reflood periodically, while the ponds and solution 
holes serve as refugia during periods of low water. The ALFISH model applies this 
habitat structure to the entire landscape, although the solution holes are omitted from the 
current version of that model due to lack of sufficient data. The typography of the marsh 
area of each cell is defined by an average hypsograph, which determines the fraction of 
marsh area flooded for a given water depth (Gaff et al., 2000).  

The ALFISHES model landscape includes a new spatial cell type that models the 
mangrove estuarine landscape. The field sites associated with this modeling effort are 
located in dwarf mangrove (Rhizophora mangle) habitat, characterized by deep creeks 
surrounded by flats that are flooded seasonally (Lorenz, 1997; 1999). As in freshwater 
marsh habitat, fish spread across the flats when the region is flooded and either retreat to 
refugia (in this case, creeks), retreat to neighboring spatial cells, or die if the cell dries out 
(Figure 3).  



Figure 3: Hydrology of Dwarf Mangrove Creek Habitat 
A hypsograph for mangrove habitat was generated by establishing the relation between 
vegetation type and relative elevation. The habitat at each field site was classified into 
one of four different types: high flats, flats, high creek, and creek. An elevation map in 
which each habitat type is associated with a relative elevation was generated for each of 
the study sites by combining analysis of aerial photos and ground surveys of field sites. 
To apply this hypsograph to the entire mangrove landscape, the habitat types identified in 
the field study were mapped to vegetation categories supplied by the static SICS 
vegetation data (Carter et al., 1999) (figure 2), which is an aggregated reclassification of 
the Florida gap analysis project (Scott et al., 1993, U. S. Geological Survey, 1997) 
vegetation map. The vegetation data, which have 30-m resolution, are used to compute 
the percent of each habitat type within each landscape cell.  

The parameters and methods associated with fish movement, mortality, and reproduction 
are unchanged from the original ALFISH model. Due to the lack of information, the large 
fish group is currently not included in ALFISHES simulation scenarios. The species 
composition of the large fish guild in the mangrove zone is different from that of the 
freshwater marshes, and the large piscivorous fish that frequent the tidal creeks in the 
mangrove zone tend to be more mobile than their freshwater counterparts (J. Lorenz, 
National Audubon Society, oral communication, 2000). Future versions of ALFISHES 
may incorporate the large fish group, as well as fish movement and mortality as a 
function of salinity.  

Another factor that influences fish density is the availability of food resources from lower 
trophic level resources. One weakness of the ALFISH model (version 3.1.7) used for the 
Central and South Florida Comprehensive Project Review Study is that the lower trophic 
level resources are held constant independent of hydrology, habitat type, spatial location, 
or time of year. More recent versions of the ALFISH model assume that lower trophic 
level biomass varies seasonally and depends on habitat type. Preliminary runs of the 
ALFISHES model suggest that a more complicated water-driven lower trophic model 
calibrated for the mangrove zone may be more appropriate. 



ALFISHES program structure: The primary inputs into the ALFISH and ALFISHES 
models are the landscape typography, hydrologic data, and lower trophic level biomass. 
Both models use the ATLSS multimodeling framework, which consists of a collection of 
model subcomponents. The ATLSS model components are agent-based and use a library 
of C++ landscape classes to model landscape and hydrologic data (Duke-Sylvester and 
Gross, 2002). Because the landscape structure for a particular ATLSS model scenario is 
well defined and landscape objects are the primary means of communicating spatial 
information between different model agents, different implementations of a particular 
submodel, such as the lower trophic level model, may be used without changing the 
structure of the simulation. Therefore, the effect of different modeling approaches, from 
simple process models to highly detailed individual-based models, on model 
effectiveness may be evaluated within the same framework.  

The ALFISHES model inherits the basic program structure, parameters, and agent classes 
used in the ALFISH model (Gaff et al. (2000) for a detailed description). ALFISHES 
adds generic agent classes and additional derived subclasses to construct an object-
oriented framework that partitions the model system into a hierarchical collection of 
components (Figure 4). Each model agent is responsible for a specific aspect of the 
simulation. Table 1 summarizes the agent class used in ALFISHES.  
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Figure 4: Classes of the ALFISHES Model 



Table 1: Agent classes used by ALFISHES (classes shown in italics are derived from 
ALFISH version 5.0.0) 

Base Class Subclasses Description 
Driver FishDriver Manages a simulation scenario; 

contains the landscape, simulation 
clock, and simulation model 

MarshFishCell FishCell 

MangroveFishCell 

The simulation model; updates the state 
each cell; subclasses for marsh and 
mangrove estuarine zones respectively 

SfwmmHydrology HydrologicModel 

SicsHydrology 

Manages the interface between the 
hydrologic data and the FishCell 
subclasses for different hydrologic 
models 

FishHabitat, Ponds Habitat 

Holes, Marsh, Creeks 

Manages the physical environment; 
may contain subhabitats; FishHabitat 
provides a single interface for fish 
habitat; other subclasses manage 
lower subhabitats 

LowerTrophicOde 

LowerTrophicSeries 

LowerTrophic 

MangroveLowerTrophic 

Models lower trophic level biomass 
within each grid; subclasses 
implement ordinary differential 
equation (ODE) models, seasonal 
forcing, and productivity as a function 
of salinity 

FishGroup  Manages multiple functional groups 
FreshFuncGroup FuncGroup 
EstuarineFuncGroup 

Models a functional fish group; 
subclasses model freshwater and 
estuarine functional groups 

WadingBirdPop SpoonbillPop Models the impact of hydrology on 
wading birds 

MarshFishObserver FishObserver 
MangroveFishObserver 

Generates simulation statistics and 
reports 

 

At the root of the ALFISHES agent hierarchy is the simulation driver, which contains the 
three primary simulation subcomponents: model landscape, simulation clock, and model 
that serves as the engine of the simulation. The model landscape utilizes the ATLSS 
landscape classes and consists of static and dynamic layers. Static layers represent static 
features of the landscape, such as the distribution of creek and flats habitat within each 
grid cell with an associated hypsograph. Dynamic layers, which use 500-m resolution and 
are updated at each time step, represent the hydrology, lower trophic levels biomass, and 
number of fish for each size class habitat type and cell.  

The simulation model, an object of class “FishCell,” is responsible for updating the state 
of each cell in the landscape for each time step. The time step of the model is 5 days, 
although a daily snapshot of hydrologic data is used to assess foraging conditions for 
wading birds. Different subagents are responsible for updating different aspects of the 



model. The “HydrologicModel” object interfaces the hydrologic and ecological model 
and simplifies the utilization of different hydrologic datasets. The “Habitat” agent 
updates the distribution of water within the different habitat types in each grid cell. The 
“Habitat” agent contains subagents, including “Ponds,” “Holes,” and “Marsh” which 
manage different subhabitats associated with the freshwater marsh. The “Creeks” habitat 
agent generates the mangrove habitat and manages the distribution of water in the creeks 
and flats habitats. The “LowerTrophic,” “FishGroup,” and “FuncGroup” agents update 
lower trophic level biomass and the number of fish. Two new derived subclasses of 
“LowerTrophic” and “FreshFuncGroup”, namely, “MangroveLowerTrophic” and 
“EstuarineFuncGroup,” were constructed to simulate the dynamics of the lower trophic 
level food base and small fish in the mangrove zone. At the end of each time step, the 
“WadingBirdPop” agent computes the habitat viability from the perspective of wading 
birds, and the “FishObserver” generates simulation statistics.  

IMPLEMENTATION 
To evaluate the effectiveness of the model coupling, a SICS dataset was generated for 
input into ALFISHES. The dataset includes a single daily snapshot of water depth and 
salinity for each cell in a region that is 98 rows x 148 columns at a spatial resolution of 
304.8 meters for a 694 day period from July 16, 1996 to June 9, 1998. The 304.8 m 
spaced SICS data was resampled for the 500 m ALFISHES grid. Calibrating 
SICS/ALFISHES requires hydrologic and ecological data sampled from the landscape. 
Comparison of simulation data with hydrologic data and drop net data collected at three 
field sites in the Florida Bay mangrove zone (Lorenz, 1999) is the primary means of 
evaluating SICS/ALFISHES. Because SICS and ALFISHES continue to evolve as model 
output is generated and evaluated, developing a linkage between the two models has been 
an iterative process.  

The ability to run ALFISHES on a remote server through a web-browser-based Java 
SimApp client that supports a GIS display and other data visualization facilities has 
simplified the process of evaluating model output and facilitated communication among 
project collaborators. After two iterations of SICS output, the salinity regimes in the 
ALFISHES model are reasonably consistent with field data. The SICS water depths, 
however, remain greater than expected at the field sites (Figure 5), a discrepancy that 
would result in an underestimate of prey fish biomass available to wading birds.  



 

 
Figure 5: Snapshots from the Java “SimApp” client of SICS-generated salinities and 

water depths in the ALFISHES study area on day 175 (field sites from left 
to right: Taylor River, Joe Bay, Highway Creek) 

 

CONCLUSIONS AND FUTURE WORK 
The linkage between SICS and ALFISHES continues to evolve as model data and field 
data, particularly water depths, are reconciled. Incorporation of additional typographical 
information, such as location of river channels, from SICS into ALFISHES may address 
some of the discrepancies between model and field data. Expansion of the sampling effort 



to include additional field sites is planned. The lower trophic level, fish, and wading bird 
components of the ALFISHES model are being refined as more field data become 
available. With the incorporation of different water-management scenarios from the 
SFWMM into the boundary conditions for SICS hydrology scenarios, the 
SICS/ALFISHES coupling should provide an effective tool for evaluating the potential 
impact of hydrologic scenarios on wading bird populations in the Everglades mangrove 
zone.  
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 EVAPOTRANSPIRATION RATES FROM TWO DIFFERENT SAWGRASS 
COMMUNITIES IN SOUTH FLORIDA DURING DROUGHT CONDITIONS 

 
By Edward R. German and David M. Sumner, Hydrologists, U.S. Geological Survey, 
Altamonte Springs, Florida 
 
Abstract:  Evaporation and plant transpiration (ET) are significant components of the water 
budget in south Florida. Water loss through ET can exceed rainfall during dry years. Recent 
advances in instrumentation and measurement techniques have made it possible to develop a 
better understanding of ET processes and to quantify ET rates. ET rates at two sites vegetated 
primarily by sawgrass, one near Vero Beach in the St. Johns River floodplain and the other in the 
southern Everglades of Everglades National Park, yield significantly different ET rates during 
drought conditions. 
  
The site near Vero Beach has dense sawgrass in a thick peat soil. At this site, the ET fraction, 
which is the ratio of latent heat (the energy equivalent of ET) to the sum of latent heat and 
sensible heat (convective heat transport), was affected little by the change in water level even 
when the water level was nearly 3 feet below land surface. The site in Everglades National Park 
has a relatively sparse rush/sawgrass community in a thin marl soil. At this site, the ET fraction 
decreased markedly as the water level dropped to about 2 feet below land surface. 
 
 The difference in the relation of ET fraction to water level at the two sites probably is due to the 
different water-transporting and water-retention characteristics of the soils, and possibly to a 
difference in root depths. The peat soil may be able to provide moisture for ET more readily than 
the marl soil under drought conditions. Likewise, a deeper root system in the peat soil may 
enhance ET under drought conditions. Additional research at the two sites to characterize root 
depths and soil properties, including water-retention capacity, will aid in determining which 
factors are responsible for the different ET fractions. 
  

INTRODUCTION 
 
The purpose of this paper is to present evapotranspiration (ET) rates and related meteorological 
data for two ET sites for the year 2000, and to compare the ET rates and seasonal patterns at the 
two sites. Drought conditions during January through June of 2000 resulted in a wider range in 
water levels than usual, so that differences in ET that are more highly related to water 
availability were more apparent. 
 
ET is a major part of the hydrologic cycle in Florida, particularly in South Florida where the 
water table is near or above the land surface for much of the year. Some years, actual ET rates 
are nearly the same as potential ET rates, and the total amount of water lost from the land surface 
annually can exceed rainfall. Knowledge of ET rates and understanding of factors related to 
fluctuations in ET are crucial for understanding hydrology of the area and for developing 
management strategies. As stated by Marjory Stoneman Douglas (1947), “it is the subtle ratio 
between rainfall and evaporation that is the final secret of water in the Glades.” 
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The U.S. Geological Survey is operating a network of 14 ET sites in Florida to measure actual 
ET in a variety of vegetative communities and geographic locations. Of these network sites, 8 
sites measure ET with eddy-correlation methods (Sumner, 2001) and 6 sites, all within the 
Florida Everglades, use the Bowen ratio method (German, 2000). 
 

SITE DESCRIPTION 
 
The two sites selected for comparison of ET characteristics have similar climates and 
hydroperiods but are different with respect to vegetation and soil type. Both sites are in South 
Florida (figure 1). The Blue Cypress Marsh (BCM) site is located within the headwaters 
floodplain of the St. Johns River near Vero Beach, Florida (figure 2). This site is characterized 
by dense, tall (6-7 feet) sawgrass and a thick layer of peat (about 8-9 feet) on limestone bedrock. 
 
 The other site is in the Everglades National Park (ENP) southwest of Homestead, Florida (figure 
2). The site is characterized by a relatively sparse, short (2-3 feet) mixture of sawgrass and spike 
rush and a relatively thin marl soil (about 2-3 feet) on limestone bedrock. Periphyton mats are 
noticeable in open areas between vegetation clumps. 
 
Climatic Characteristics: The climate at both sites is characterized by relatively warm, dry 
winters and hot, wet summers. More than one-half of the annual rainfall (about 50-55 inches at 
both sites) generally occurs during June through September, which commonly is referred to as 
the wet season. Water levels are above land surface several months each year, and generally fall 
to as much as 2-3 feet below land surface during the dry season each year. 
 
During 2000, daily average air temperatures tended to be higher at the ENP than at the BCM, 
and the difference generally was greatest in winter (figure 3). Water levels at both sites followed 
a similar seasonal pattern, but fluctuations were more extreme at the BCM, where the range was 
from about 2.5 feet below land surface to about 1.1 feet above land surface (figure 4). The water 
level dropped below land surface late in February at the ENP, but remained above land surface 
until late April at the BCM. At both sites, water levels did not rise to land surface or above until 
July, and then remained above land surface until November. The lowest water levels occurred in 
May at the ENP, and in June at the BCM. 
 
The record of solar intensity, or Rs (incoming short-wavelength solar radiation) for 2000 (figure 
5), indicates that both sites are similar in terms of the potential Rs, having daily average Rs values 
as high as 330 watts per square meter (watts/m2) in April or May. The Rs varies considerably 
daily in response to cloud cover, especially during the wet season when thunderstorms are 
common. The average Rs for 2000 was 207 watts/m2 at BCM and 206 watts/m2 at ENP. 
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Figure 1. Location of the Blue Cypress Marsh ET site and the Everglades ET site. 
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Figure 2. Evapotranspiration stations in Blue Cypress Marsh and Everglades  
National Park. 
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Figure 3. Daily average air temperature, January 2000 through December 2000. 
 
 
 

 
 
Figure 4. Daily average water level, January 2000 through December 2000. 
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Figure 5. Daily average incoming soar radiation, January 2000 through December 2000. 
 
 
Instrumentation and Method of ET Measurement: Both sites were instrumented to measure 
ET using the energy-budget method. The energy budget is given by: 
 

Rn – G – W = A = H + λE,         (1) 
 
where Rn is the net solar radiation, G is the amount of heat energy passing into the soil, W is the 
amount of heat related to change in temperature of water standing on the land surface, H is the 
sensible heat flux (heat transported by convection), and λE is the latent heat flux (heat related to 
vaporization or condensation of water). The left side of equation 1 generally is referred to as 
available energy (A) and represents the total amount of energy available for combined sensible 
and latent heat transport. The terms Rn, G, and W are directly measurable, and, thus, A (the sum 
H plus λE ) are readily determined. Individual calculations of λE and H are accomplished by 
using the Bowen ratio (Bowen, 1926) and the relation: 
 

λE = (A)/(1 + B),                 (2) 
 
where B is the Bowen ratio, or ratio of H to λE.  The ET rate, in inches per day, can be computed 
from the relation: 
 

ET = 3.402λE/λ,           (3) 
 
where the quantity λE (in watts/m2) comes from equation 2 and λ is the latent heat of 
vaporization of water (about 2441 joules/gram at a temperature of 25 degrees Celsius). 
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The method of Bowen-ratio determination was not the same at both sites. The eddy-correlation 
method was used to determine daily average B by direct energy flux measurement at the BCM 
site using a procedure described by Sumner (2001). German (2000) used measurements of air-
temperature and vapor-pressure gradients to determine B at 30-minute intervals at the ENP site; 
German concluded that both methods give comparable measures of B, but have advantages and 
disadvantages. Two advantages of the eddy-correlation method are that it does not rely on 
mechanical apparatus and it provides a daily average B, thus, the method is less prone to failure. 
In contrast, the air-gradient method uses sensors that are relatively low in cost and less likely to 
be affected or damaged by moisture from rainfall or dew. 
 
Latent heat was determined differently at the two sites. At BCM, a daily average B was 
computed from the sum of the H and λΕ for each day. The average A for the day was then used 
to calculate λE based on the energy budget (equation 2). This approach is necessary because 
direct measurement of H and λE are biased towards low values during periods of relatively calm 
wind. However, the bias in both flux terms is the same and the ratio of H to λΕ is unbiased even 
during low wind periods.  
 
At ENP, B and A were determined at 30-minute intervals and λE was calculated from equation 
2. Daily averages of A and λE were then computed for comparison with values from the BCM. 
 
At both sites, the 30-minute data were screened and models were used to estimate rejected data 
so that daily values could be computed. At BCM, moisture from rain or dew frequently resulted 
in unusable data for a portion of many days so that H, λE, and B could not be determined. At 
ENP, air-temperature and vapor-pressure gradients necessary for determination of B and λE 
were discarded if the gradients were low in relation to sensor resolution. Additionally, B and λE 
were not computed if the vapor-pressure gradient indicated that evaporation was not possible 
even though A indicated that energy was available for ET. The model used to estimate missing 
λE at BCM was a simple relation between potential ET and λE determined using “good” data 
(Sumner, 2001). A modified Priestley-Taylor model (Priestley and Taylor, 1972) calibrated using 
the “good” data (German, 2000) was used to determine λE at ENP. 
 
Comparisons of λE values calculated for the BCM and ENP were restricted to the days when the 
fill-in models estimated 10 percent or less of the daily λE flux. Using this method, discrepancies 
resulting from 30-minute estimates between the models were minimized in the comparisons of 
λE values.  
 

THE RELATION BETWEEN AVAILABLE ENERGY AND SOLAR INTENSITY 
 

A comparison of daily A with Rs indicates that the relation is approximately linear and 
comparable fractions of incoming radiation were converted to A at both sites (figure 6). This 
comparison indicates that on an annual basis Rn is approximately the same for a given Rs because 
the daily G and W in the A term generally are negligible at both sites. This finding is significant 
because the vegetative cover is much different at the two sites, and indicates that during most of 
the year the major source of A is affected little by differences in reflected and outgoing long 
wave radiation between the two types of cover. 
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Figure 6. The relation between daily mean available energy and incoming solar radiation 
(available energy is the sum of latent and sensible heat flux). 
 
 
The relation between Rs and A is not identical at the two sites over the entire range of Rs. The 
amount of A tends to be greater at high levels of Rs (greater than about 300 watts/m2) at the 
BCM than at the ENP. This could be an indication that at higher solar intensities, surface heating 
and subsequent outgoing long-wave radiation could be less prevalent at the BCM than at the 
more sparsely vegetated ENP. Annually, the two sites have similar ratios of A to Rs (0.67 at 
BCM and 0.64 at ENP). 
 
The ratio of Rs to A indicates a seasonal pattern (figure 7). From mid-May through July, the ratio 
measured at ENP is almost always lower by 10 percent or more than the ratio measured at BCM. 
This difference in the ratios occurred during the period of maximum dryness as indicated by the 
water levels (figure 4), and could be related to differences in albedo (ratio of reflected to incident 
light) and the relative effects of surface heating at the two sites. During dry periods, the soil at 
ENP is exposed to direct sunlight, and as a result of reflection and radiation from the ground, A 
could be reduced. The effect probably is less at BCM (the land surface is dry) because of the 
thick sawgrass cover that probably has a lower albedo than does soil. During periods when the 
water level was above the land surface, the ratios of Rs to A appear to be of similar magnitude, 
although at times there is a significant scatter in the ratios. Thus, a single relation between Rs and 
A may be applicable for estimation of A for a wide variety of vegetative covers, at least when the 
land surface is covered by water. 
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Figure 7. Ratio of solar intensity to available energy, January 2000 through December 2000 
(numbers plotted are ratio of daily mean solar intensity to daily mean available energy). 
 
 

COMPARISON OF EVAPOTRANSPIRATION RATES 
 
The monthly total ET was greater at BCM than at ENP for each month except January (figure 8).  
The largest differences in monthly ET rates (greater than 1 inch) occurred from March through 
July, when water levels were below land surface at one or both sites. Annually, the total ET was 
55.7 inches at BCM and 43.5 inches at ENP. 
   
The seasonal pattern of ET and available energy (figure 9) are very similar.  However, the 
differences in monthly ET between the two sites are much more pronounced than the differences 
in monthly available energy. The mean annual A for 2000 was 138 watts/m2 at BCM and was 
132 watts/m2 at ENP. The monthly and annual differences between sites in A are small relative 
to differences in ET, indicating that the sites differ in the amount of A that is utilized for ET. 
 
The difference between the two sites with respect to efficiencies of converting A to ET is 
seasonal and can be best explained by comparing the EF, or evaporative fraction of available 
energy (λE/A), for the two sites. The effects of differences in A are taken into account by using 
EF for comparing ET characteristics at the two sites. EF has a distinct seasonal pattern (figure 
10); however, the pattern is not the same at both sites. At the BCM, EF is relatively constant 
during January through October of 2000, and is higher than at the ENP, especially for March 
through July. Both sites show a decline in EF beginning late in October or early November. At 
the BCM, the lowest EF for the year occurred in December. At the ENP, low EF also occurred in 
December, but values of EF as low as in December occurred in April, May, and July as well. 
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Figure 8. Monthly total evapotranspiration, January 2000 through December 2000. 
 
 
 
 
 

 
 
Figure 9. Monthly available energy, January 2000 through December 2000. 
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Figure 10. Evaporative fraction of available energy, January 2000 through December 2000 
(evaporative fraction is the ratio of latent heat to available energy). 
 
 
 
The seasonal pattern of EF at the ENP probably is related to proximity of water levels to the land 
surface. German (2000) proved that regional models of ET in the ENP could be constructed 
using a modified Priestley-Taylor ET model in which the model coefficient α is expressed as a 
function of water level and Rs. Declines in water level at the ENP site beginning in March and 
ending in June appear to correspond to the low EF during that period. Similar declines from 
October through December also seem to correspond to the low EF, although there is considerable 
daily variation in EF that probably is related to other factors, such as variation in Rs. 
 
Conversely, none of the seasonal patterns in EF consistently correspond with changing water 
level at the BCM. Throughout the dry period from late April through June, when the water level 
was below land surface, there was no evidence of a decline in EF. Not until October 2000 did EF 
at the BCM show a decline, and this decline in EF corresponds with a decline in water level to 
below the land surface. 
 

CONCLUSIONS 
 
The annual total ET at BCM was 55.7 inches and at ENP was 43.5 inches which is a relatively 
large difference in ET rate and is not explainable by differences in annual A (138 watts/m2 at 
BCM and 132 watts/m2 at ENP for 2000). The EF apparently is related to water level at the ENP 
site but not at the BCM site. The reason for this difference in behavior of EF is not understood, 
but probably is related to the differences in plant cover and soil type between the two sites. The 
thick sawgrass cover at BCM apparently is able to transpire at maximum efficiency even when 
the water level is more than 2.5 feet below land surface. The thick peat soil layer may play a role 
in this high EF even during low-water conditions by providing a reservoir of soil moisture from 
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which the sawgrass can draw. Additionally, the sawgrass coverage at BCM is relatively uniform 
and thick, and the incident solar radiation only penetrates the top of the sawgrass; however, in 
some parts of the ENP, vegetative cover is thinner and less extensive. Heating of the sawgrass 
probably is less than heating of the land surface in exposed locations, so that the utilization of A 
for H flux likely is less at the BCM site than at the ENP. Less H transport relative to λE transport 
would cause a relatively high EF. 
 
Ongoing research at these two sites to determine reasons for these differences in EF includes 
study of the moisture-retention capacity of the soils, comparison of leaf-area indices determined 
using spectrophotometric recorders, and determination of mass of transpiring material per unit 
area.  
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Abstract:  A numerical model was developed for the southern Everglades in Florida to represent 
the response of flow and salinity patterns to hydrologic events and to evaluate the complex 
exchange of water and dissolved salt between the wetland, the estuary, and the underlying 
Biscayne aquifer.  The effort included the development of a coupled surface water and 
groundwater simulation code as well as application of the code to the southern Everglades 
hydrologic system.  A 22-month simulation was performed with the integrated code to represent 
the period from August 1996 to June 1998.  The integrated model was calibrated by matching 
surface water stages, coastal creek flows and salinities, and groundwater heads and salinities.  
Results from the model suggest that exchange of fluid and salt between surface water and 
groundwater is spatially and temporally variable.  Results also suggest an alternating pattern of 
downward and upward leakage from north to south.  Averages of the downward simulated 
leakage rates and the upward simulated leakage rates are –20 and 30 centimeters per year, 
respectively.  These complex leakage patterns contribute to the overall salinity distribution in the 
surface-water regime and aquifer system and are required for accurate simulation of flow and 
transport in the study area.  Model results indicate that surface water and groundwater 
interactions may be an important component of the water budget for the Taylor Slough area, 
although, rainfall and evapotranspiration are probably the dominant components. 
 

INTRODUCTION 
 
The hydrology of southern Florida is unique due to the high degree of connection between 
surface water and groundwater.  The connection occurs as upward or downward leakage, defined 
as the flux of water between a surface water body and an underlying aquifer.  In an analysis of 
surface water and groundwater hydrographs within the southern part of the Everglades, Merritt 
(1996) indicates that surface water and groundwater remain well connected at daily and monthly 
time scales despite peat and marl units that restrict vertical leakage.  In the Taylor Slough area 
(Figure 1) of the southern Everglades, Harvey et al. (2000a) reported groundwater leakage 
upward into the slough at rates of up to 3 cm/day, nearly an order of magnitude higher than 
rainfall and evapotranspiration, which are normally considered the dominant processes.  In 
southern Florida, most studies of surface water and groundwater interactions have focused on 
areas near canals, but few studies have investigated hydrologic groundwater-surface water 
wetland interactions in the Everglades. 
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Figure 1.  Map showing the Taylor Slough study area, monitoring sites, and physiographic features. 

 
The Taylor Slough area in Everglades National Park has been the focus of governmental 
restoration efforts because the area is ecologically diverse, hosting a variety of animal and plant 
species.  Some threatened or endangered species include: wading birds, crocodiles, and 
alligators.  The slough is hydrologically important because it is a major source of freshwater for 
the northern part of the Florida Bay estuary.  The slough, however, does not flow unimpeded into 
the estuary.  The Buttonwood Embankment, a narrow topographic high, hydraulically separates 
Taylor Slough and Florida Bay (Figure 1).  Field reconnaissance indicates that creeks discharge 
nearly all of the fresh surface water into Florida Bay.  For most of the year, coastal creeks funnel 
fresh or brackish water into Florida Bay; however, southerly winds commonly push brackish 
water from Florida Bay northward into Taylor Slough.  The interface between Taylor Slough and 
Florida Bay acts differently than most coastal wetlands because eastern Florida Bay does not 
have a prominent tidal signature.  Only minor tidal fluctuations are exhibited at monitoring sites 
because mud banks and scattered mangrove islands dampen the tidal exchange with the Gulf of 
Mexico. 
 
Groundwater seems to have a measurable effect on surface water salinity within Taylor Slough.  
A fluid conductivity probe placed on the rock bottom of Taylor River (located approximately 5 
km north of the Florida Bay coastline) recorded pulses of saline water discharging into the creek 
during periods of relatively low stage.  Another fluid conductivity probe at the same location, but 
higher in the surface water column, did not exhibit similar increases in salinity.  Based on an 
analysis of the fluid conductivity data, the pulses of saline water recorded at the bottom of Taylor 
River do not appear to be caused by density stratification or inland surface water flow from 
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Florida Bay.  Instead, these pulses appear to be caused by upward discharge of saline 
groundwater into the creek.  Monitoring wells were recently installed at the Taylor Creek 
upstream station to further verify upward saline groundwater leakage.  Preliminary data from the 
monitoring wells show significant salinity variations between surface water and shallow 
groundwater.  The occurrence of saline groundwater beneath the southern part of Taylor Slough 
was confirmed on the basis of an airborne geophysical survey (Figure 2). This survey shows that 
the shallow subsurface interface between fresh groundwater and saline groundwater extends as 
much as 10 to 15 km inland from the Florida Bay coastline. 
 

 
Figure 2.  Map showing results from airborne geophysical survey (modified from Fitterman and Deszcz-Pan, 
1998).  Color shading represents formation resistivities 5 meters below land surface. 

 
In an effort to better understand wetland hydrodynamics and salinity patterns in South Florida, 
the U.S. Geological Survey’s Place-Based Studies program and the National Park Service’s 
Critical Ecosystem Studies Initiative funded the development of the Southern Inland and Coastal 
Systems (SICS) model.  The SICS model was originally designed to represent overland 
sheetflow in Taylor Slough and was developed with transport capabilities to simulate changes in 
surface water salinity.  The plan for the original SICS surface water model was to use a 
simplified representation of groundwater leakage and then include a more sophisticated approach 
later.  The more sophisticated approach, which was recently implemented, includes the 
development of a variable-density groundwater flow and transport model for the SICS area.  A 
computer program also was developed that linked the hydrodynamic surface water model with 
the variable-density groundwater flow model.  The purpose of this paper is to provide a 
description of the integrated model and present estimates of surface water and groundwater 
leakage for the SICS area. 
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MODEL CODE DESCRIPTIONS 
 
SWIFT2D: Overland surface water flow and transport of dissolved salt can be simulated in two 
dimensions using the SWIFT2D (Surface Water Integrated Flow and Transport in 2 Dimensions) 
code (Leenderste, 1987).  SWIFT2D is a fully dynamic circulation model that uses the finite-
difference method to solve the momentum and conservation of mass equations.  The SWIFT2D 
code was originally designed to simulate flow and transport in vertically well-mixed estuaries, 
coastal embayments, lakes, rivers, and inland waterways.  The code was modified for this study 
to include such processes as rainfall, evapotranspiration, and flow resistance of marsh vegetation. 
 
SEAWAT: Groundwater flow and transport of dissolved salt is simulated using the SEAWAT 
code (Guo and Langevin, 2002).  The SEAWAT code was developed by combining MODFLOW 
(McDonald and Harbaugh, 1988) and MT3DMS (Zheng and Wang, 1998) to solve the variable-
density groundwater flow equation formulated in terms of equivalent freshwater head, rather 
than pressure.  The finite-difference method is used to solve the flow equation.  A variety of 
techniques, including the finite-difference method, method of characteristics, and third-order 
total-variation-diminishing method, are available for solving the transport equation. 
 
FTLOADDS: The SWIFT2D and SEAWAT codes were combined into a single program, 
referred to as FTLOADDS (Flow and Transport in a Linked Overland Aquifer Density 
Dependent System).  In the FTLOADDS program, SWIFT2D and SEAWAT are subroutines 
called by the main program.  FTLOADDS was designed to allow different timesteps between 
SWIFT2D and SEAWAT, because simulation of dynamic surface water flow often requires 
much shorter timesteps than is required for groundwater flow.  To simulate transient 
groundwater flow, time is divided into stress periods, or periods of time when hydrologic stresses 
on the system remain constant.  A single groundwater stress period may contain many surface 
water timesteps.  For example, the groundwater model may have daily stress periods, but the 
surface water model may require timesteps that are as short as 15 minutes.  In this case, there 
would be 96 timesteps per stress period. 
 
The main linkage between SWIFT2D and SEAWAT is through a leakage quantity passed 
between the two models.  First, SWIFT2D steps through the current stress period and then 
SEAWAT steps through the same stress period.  In SWIFT2D, leakage is calculated using a 
variable-density form of Darcy’s law, the current surface water stage, the groundwater head from 
the end of the previous stress period, and a leakage coefficient.  SEAWAT then evenly applies 
the average leakage rate over the entire stress period.  The transfer of salt mass between surface 
water and groundwater is treated in a similar manner.  Upward leakage to the surface water is 
assumed to have the concentration of the underlying groundwater cell from the end of the 
previous stress period.  Downward leakage is assumed to have the concentration of the surface 
water.  At the end of the stress period, the cumulative salt flux is divided by the leakage rate to 
calculate the average concentration of the leakage.  This average concentration and average 
leakage rate is then applied in the following stress period to the groundwater model.  Using this 
approach, salt mass and fluid mass are conserved within the system. 
 
Several other enhancements were programmed to respond when a surface water cell becomes 
dry.  In this case, recharge and evapotranspiration are applied to the cells in the uppermost layer 
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in the groundwater model.  The model code also includes the capability for upward leakage to 
rewet a surface water cell, which can be important to adequately represent isolated depressions in 
the land surface. 
 

MODEL DESIGN 
 
Spatial and Temporal Discretization:  The surface water model was designed by discretizing 
the Taylor Slough area into a grid consisting of 148 columns and 98 rows (Figure 3).  Each cell 
within the finite-difference grid is square with 304.8-m per side.  The model grid encompasses 
most of Taylor Slough with the exception of the slough area north of Old Ingraham Highway.  
The groundwater model uses a three-dimensional finite-difference grid with the same extent and 
cell area as the surface water model.  The three dimensional grid has 10 layers (each 3.2-m thick) 
and extends from land surface to a depth of 32 m.   
 
The integrated model simulates flow and transport for a 22-month period from August 1996 to 
June 1998.  There are a total of 679 one-day groundwater stress periods and 130,368 7.5-minute 
surface water timesteps.  The model also includes a 15-day “warm-up period” in which only the 
surface water model runs. 
 

 
Figure 3.  Map showing finite-difference model grid and locations of boundary conditions specified for the 
SWIFT2D and SEAWAT.  Descriptions for each numbered boundary condition are shown in Table 1. 

 
Boundary Conditions:  Boundary conditions for the SWIFT2D surface water model were 
specified for the model perimeter based on the presence of roads, canals, culverts, islands, and an 
arbitrary offshore boundary (Figure 3).  The type of boundary used for each segment in Figure 3 
is listed in Table 1. 
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Table 1.  Description of boundary conditions for surface water model.  Locations for the boundary conditions 
are shown in Figure 3.  [SD, specified discharge boundary; NF, no-flow boundary; SH, specified head 
boundary] 

Identifying 
Number 

Description Boundary 
Type 

1 Old Ingraham Highway 
(north) 

SD 

2 Old Ingraham Highway (west) SH 
3 Old Ingraham Highway 

(southwest) 
NF 

4 Florida Bay SH 
5 Florida Bay islands NF 
6 US-1 culverts SH 
7 C-111 tidal canal NF 
8 C-111 (S18C-S197) SD 
9 C-111 (north of S18C) SH 

10 C-111/Park Road NF 
11 L-31W SD 
12 Taylor Slough inflow SD 

 
For each layer of the SEAWAT groundwater model, a general-head boundary was applied to 
each cell on the model perimeter.  The head values used for the boundaries were interpolated 
from nearby surface water and groundwater monitoring sites for each day of the simulation.  
Salinity values assigned to the general-head boundaries were estimated from the airborne 
geophysical data (Figure 2). 
 
Model Input Parameters:  A wide range of atmospheric, physiographic, hydrologic and 
hydrogeologic input parameters, from wind sheltering coefficients to aquifer hydraulic 
conductivity, are required to run the integrated model.  One of the most important input 
parameters is land surface elevation (Figure 4) because it controls the flow paths of surface 
water.  Helicopter measurements of land surface elevation at 400-m spacing were obtained using 
a global position satellite (GPS) device.  The GPS data clearly indicate the Taylor Slough 
depression extending from the northeast to the southwest.  The low elevation “notches” along the 
Florida Bay coastline are used to represent the coastal creeks, some of which cross the 
Buttonwood Embankment.  Flow resistance parameters at these notches were based on field data 
and slightly adjusted to better match the measured coastal creek flows. 
 
The leakage coefficient is the most significant parameter for representing the exchange between 
surface water and groundwater.  Spatially variable leakage coefficients were calculated by 
dividing peat hydraulic conductivity by peat thickness.  Peat data used to calculate leakage 
coefficients were taken from Harvey (2000b).  Leakage coefficients for Florida Bay were 
estimated from a map showing the bay bottom type and estimates of bottom sediment hydraulic 
conductivity, or aquifer hydraulic conductivity if bottom sediments were absent.  In some areas, 
layers of peat or bay bottom sediments were absent, such as Joe Bay and parts of Florida Bay.  In 
those areas, leakage coefficients were calculated using estimates of the vertical hydraulic 
conductivity of the Biscayne aquifer. 
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Figure 4.  Map showing land surface elevation relative to the National Geodetic Vertical Datum (NGVD) of 
1988. 

 
MODEL CALIBRATION AND RESULTS 

 
The integrated surface water and groundwater model was calibrated by adjusting model input 
parameters until simulated values of stage, salinity, and flow matched with observed values at 
the wetland and Florida Bay monitoring sites.  The integrated model matches measured salinities 
better than the original SWIFT2D model, although only minor improvements in stage and flow 
were observed.  Simulated exchange rates between surface water and groundwater contain a 
degree of uncertainty because the model was not calibrated to direct leakage measurements, with 
the exception of northern Taylor Slough.  On the basis of chloride dilution, Harvey et al. (2000a) 
suggest that groundwater flow into the northern part of Taylor Slough (south of Old Ingraham 
Highway) may be as much as 3 cm/day.  The simulated leakage (0.25 cm/day), however, does 
not compare favorably with chloride-derived leakage estimates, indicating that further 
refinements to the model may be required to better represent the exchange between surface water 
and groundwater in this area.  Harvey et al. (2000b) also measured head differences across the 
peat layer at 11 locations during 6 different field visits.  Comparisons of simulated head 
differences with the observed head differences indicate that directions of vertical leakage are 
correct, although the actual leakage rates may be in error.  Results presented herein should be 
evaluated with caution because they are based on a model that was not directly calibrated to 
represent leakage, and thus, the simulated estimates are highly uncertain. 
 
Daily leakage rates between surface water and groundwater are produced as part of the model 
output for each cell.  These daily leakage rates were averaged over the simulation period from 
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August 1996 to June 1998 to illustrate the spatial variability in surface water/groundwater 
interaction (Figure 5).  These leakage rates do not include recharge or evapotranspiration directly 
to or from the water table.  The model suggests an alternating pattern of downward and upward 
leakage from north to south (Figure 5).  To the north, most leakage is downward into the aquifer.  
Further south, a large area of upward leakage exists.  This area of upward leakage roughly 
corresponds with the position of the freshwater/saltwater transition zone (shown in Figure 2).  In 
this area, groundwater flowing toward the south moves upward where it meets groundwater with 
higher salinity.  To the south, leakage is downward into the aquifer.  The Buttonwood 
Embankment (Figure 1) impedes surface water flowing south and increases stage levels to 
slightly higher than stage levels in Florida Bay.  South of the Buttonwood Embankment, 
groundwater discharges upward into the coastal embayments of Florida Bay.  This upward 
leakage could be caused by the higher water levels on the north side of the embankment.  The 
southernmost zone represents downward leakage from Florida Bay into the underlying aquifer.  
Downward leakage in this zone is probably the result of cyclic flow that often occurs in 
freshwater/saltwater interfaces within a coastal aquifer (Kohout, 1964; Langevin, 2001).  Fresh 
groundwater flowing toward an interface mixes with saline groundwater.  This brackish mixture 
then discharges into the ocean, coastal estuary, or in this case, into the brackish water wetlands. 
 

 
Figure 5.  Map showing average leakage rates for the simulation period.  Graphs for the four locations are 
shown in Figures 6, 7, 8, and 9.  Positive leakage rates represent downward flow into the aquifer.  Negative 
leakage rates indicate upward flow from the aquifer to the surface water. 
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The map in Figure 5 shows average leakage rates for the entire simulation period, but daily 
leakage rates are highly variable and can change direction in response to rainfall events or 
prolonged dry periods.  Leakage maps for specific days reveal similar patterns as the average 
map, except after significant rainfall events.  Graphs of simulated daily leakage, water levels, and 
salinity were prepared for selected model cells (labeled A through D on Figure 5).  The average 
leakage rate is about –0.05 cm/day at location A, which is in a zone of upward leakage just south 
of Old Ingraham Highway (Figure 6).  Large rainfall events, such as in June 1997, seem to 
greatly impact the vertical movement of water.  Vertical leakage in the area appears to change 
direction as surface water flows downward into the aquifer.  During most of the simulation 
period, however, leakage is upward into the surface water. 
 

 
Figure 6.  Graphs showing leakage, water levels, and salinity for point A (shown in Figure 5) 

 
Leakage patterns similar to location A also are shown for locations B (Figure 7) and C (Figure 
8); after large rainfall events, downward leakage rates into the aquifer are relatively high.  
During periods with declining surface water levels between rainfall events, groundwater appears 
to leak gradually upward, mixing with the surface water.  Location D, which is located in Florida 
Bay, appears to respond differently than the other locations, possibly because it is highly affected 
by stage and salinities of Florida Bay (Figure 9).  Based on model simulation, groundwater is 
leaking upward into the Florida Bay estuary at rates of up to –0.5 cm/day with a salinity of 5 ppt.  
Unfortunately, there are no field data to support or refute this hypothesis. 
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Figure 7.  Graphs showing leakage, water levels, and salinity for point B (shown in Figure 5). 

 
Figure 8.  Graphs showing leakage, water levels, and salinity for point C (shown in Figure 5). 
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Figure 9.  Graphs showing leakage, water levels, and salinity for point D (shown in Figure 5). 

 
The average simulated leakage rate for the entire Taylor Slough area is about 10 cm/yr.  This 
value was calculated for the entire model by subtracting the average of all downward leakage 
rates (-20 cm/yr) from the average of all upward leakage rates (30 cm/yr).  The average annual 
rainfall rate for southern Florida is about 140 cm/yr.  However, evapotranspiration rates in the 
Everglades may be similar to rainfall rates.  Model results suggest that surface water and 
groundwater interactions are an important component of the water budget for the Taylor Slough 
area.  However, rainfall and evapotranspiration are probably the dominant components of the 
hydrologic system. 
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Abstract: The U.S. Geological Survey is contributing scientific findings and synthesized results 
from its South Florida Ecosystem Program toward development and implementation of the 
Comprehensive Everglades Restoration Plan.  Findings derived from hydrological and ecological 
studies and extensive data collected to monitor and characterize the Everglades ecosystem are 
being integrated into the development of numerical models to guide and evaluate restoration 
decisions.  A coupled surface-water/groundwater hydrodynamic/transport model is being 
developed for the coastal marine and freshwater wetland ecosystems of Everglades National 
Park.  The multi-dimensional model is facilitating the development of estuarine ecological 
models by providing insight into the nature and extent of saltwater/freshwater mixing in the land-
margin ecosystems that encompass the mangrove ecotone.  Dynamic salinity transport 
simulations are being designed and generated to test the development of estuarine indicator 
species models for use as performance measures to evaluate the effectiveness of restoration 
actions.  Projects contributing hydrologic process-study findings and data for development of the 
hydrodynamic/transport model are identified and the integration and use of the study results and 
data in the model are discussed in this paper. 
 

INTRODUCTION 
 
The coastal interface of the freshwater Everglades with Florida Bay and the Gulf of Mexico is 
primarily within Everglades National Park (ENP) (fig. 1).  This region provides nesting habitat 
and is a primary productivity area for the food web of several endangered species.  Land-margin 
ecosystems, composed mainly of mangrove thickets, brackish marshes, tidal creeks, and coastal 
embayments, constitute roughly 40 percent of ENP.  Endangered species that depend on these 
ecosystems necessitate the preservation and restoration of hydrological and ecological conditions 
that are consistent with their habitat requirements.  This need is particularly problematic for 
water-management agencies responsible for implementing the Comprehensive Everglades 
Restoration Plan (CERP),  http://www.evergladesplan.org/the_plan/2lev_restoration_plan.shtml,  
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Figure 1.  Satellite image of Everglades National Park (yellow outline) showing the TIME 
model domain (purple outline), delineated April 2002. 
 
due to the delicate balance that exists among freshwater inflows, tidal fluxes, meteorological 
forces, and resultant salt concentrations.  The development of a numerical model to facilitate 
ecological analyses and investigation of the potential intrusion of saline water into the freshwater 
wetlands and surficial aquifer of ENP is a principal focus of the Tides and Inflows in the 
Mangroves of the Everglades (TIME) Project (Schaffranek, 2001), http://time.er.usgs.gov/. 
 
The primary objective of the TIME project is to develop an integrated surface-water/groundwater 
hydrodynamic/transport model capable of investigating saltwater/freshwater mixing in the land-
margin ecosystems of ENP, which is not considered in existing management models of the south 
Florida ecosystem.  A preliminary and partial model grid of 500-meter-square cells covering the 
Dade and eastern Monroe County portions of ENP wetlands has been generated from 400-meter-
spaced land-surface elevation data collected in an ongoing mapping effort.  A companion multi-
layered model grid of the groundwater system also is under development (Langevin et al., 2002).  
Once fully developed and applied to the entire computational domain, the TIME model will 
provide a mechanism to address questions critical to preserving these coastal marine ecosystems 
within the context of upland freshwater management.  Upon its completion, the coupled model 
will be able to simulate flow exchanges and salt fluxes between the surface-water and 
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groundwater systems constituting the interface of the Everglades with Florida Bay and the 
southwest Gulf coast of Florida.  In this paper, findings from hydrologic process studies and data 
obtained from monitoring projects in support of the surface-water model development are 
identified and their use in developing the TIME model is discussed. 
 

TIME PROJECT 
 
Objectives: The overall objectives of the TIME project are to develop, implement, and provide a 
mathematical model to study the interaction of overland flow and tidal forces, including flow 
exchanges and salt fluxes between the surface-water and groundwater systems, in the mangrove-
dominated transition zone between the freshwater wetlands and coastal-marine ecosystems of the 
Everglades.  The TIME project and model development are focused on providing the means to 
address the following key questions pertaining to restoration actions and management decisions: 
 

• How do the Everglades freshwater-wetland and coastal-marine ecosystems respond 
concurrently, both hydrologically and ecologically, to regulation of inflow? 

• Will upland restoration actions affect the transformation of freshwater wetlands to 
brackish and marine marshes and subsequently to mangrove marsh ecotones? 

• How will changes in freshwater inflows act in concert with predicted increases in sea 
level to affect migration of the saltwater/freshwater interface within the surface and 
subsurface flow systems? 

• What hydrologic and hydraulic factors influence salt concentrations in the coastal mixing 
zone and how do these affect wildlife habitat areas? 

• How will external dynamic forcing factors, such as sea-level rise or meteorological 
effects, adversely affect upland regulatory plans? 

• What concurrent changes in wetland hydroperiods and coastal salinities are likely to 
occur in response to various proposed restoration and management plans? 

 
Collaborating Projects: The TIME project, which began in October 1999, is utilizing scientific 
findings and monitoring results from projects conducted by multidisciplinary scientists within 
the USGS South Florida Ecosystem Program (McPherson et al., 1999).  Hydrologists are 
evaluating hydrologic processes and hydraulic forces, including the resistance effects of 
vegetation on flow, evapotranspiration mechanisms, wind-stress effects on flow through 
vegetated water columns, surface-water/groundwater exchanges, and canal/wetland interactions, 
to provide critically needed empirical coefficients, process descriptions, and equation 
formulations for model development (Schaffranek, 1999).  Geologists are investigating 
anthropogenic influences on hydrologic changes in the freshwater wetlands and the historical 
impacts of sea-level rise on coastal marine ecosystems.  Geographers are providing detailed 
measurements of the land-surface elevation that define topographic gradients in the wetlands and 
that quantify the relief of unique terrain features such as the mangrove fringe along the southwest 
Gulf coast and Florida Bay.  A major collaborative effort by hydrologists and remote-sensing 
specialists is underway to sample, classify, and map the wetland vegetation to provide detailed 
information on species composition, plant characteristics, vegetative structure, and biomass for 
quantification of hydrologic processes.  A joint effort between hydrologists and biologists is 
aimed at integrating hydrological and ecological findings at scales of resolution required for the 
development of new species models (Cline and Swain, 2002).  The primary focus of these 
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collaborations is extension of the present suite of ecological indicator models within the Across 
Trophic Level Simulation System (ATLSS) (http://www.atlss.org/), used extensively in 
development of CERP (Comiskey and Gross, 2000), to include estuarine species (DeAngelis, 
2000).  TIME model results that define, for example, salinity changes in marine habitat areas will 
enable development of estuarine fish (Cline et al., 2000; McIvor and Whaley, 2000), crocodile 
(Mazzotti et al., 2000), and wading bird models.  Projects supporting the TIME model 
development effort within the USGS South Florida Ecosystem Program and others of related 
scientific interest are described in abstracts published in Eggleston et al. (2000) and in Fact 
Sheets available at the USGS South Florida Information Access (SOFIA) (http://sofia.usgs.gov/) 
website.  Projects directly contributing or collaborating in the TIME model development include: 
 
Across Trophic Level System Simulation (D. L. DeAngelis, Project Chief) 
High Accuracy Elevation Data Collection (G. B. Desmond, Project Chief) 
Geophysical Studies of the Southwest Florida Coast (D. V. Fitterman, Project Chief) 
Regional Evaluation of Evapotranspiration in the Everglades (E. R. German, Project Chief) 
Groundwater/Surface-Water Exchange Fluxes in the Everglades (J. W. Harvey, Project Chief) 
Groundwater Flow and Transport for SICS and TIME Models (C. D. Langevin, Project Chief) 
Freshwater Flows into Northeastern Florida Bay (C. D. Hittle, Project Chief) 
Vegetative Resistance to Flow (H. L. Jenter, Project Chief) 
Land Characteristics from Remote Sensing (J. W. Jones, Project Chief) 
Water Flows and Nutrient Fluxes to Southwest Coast (E. Patino, Project Chief) 
Southwest Coastal and Wetland Systems Monitoring (E. Patino, Project Chief) 
Land Margin Ecosystem Program (T. J. Smith III, Project Chief) 
Coupling Surface-Water/Groundwater Flow and Transport Models (E. D. Swain, Project Chief) 
 
Study Area: The study area of the TIME project is the southern region of the Everglades within 
ENP (fig. 1).  It includes the flow area of the principal sloughs and marshes of the wetlands and 
the tidal creeks and sub-tidal embayments within the mangrove ecotone along the northernmost 
coastline of Florida Bay and the southwest Gulf coast of Florida.  Tides propagating through 
creeks in the mangrove ecotone that connect the freshwater wetlands with Florida Bay and the 
Gulf of Mexico affect flow exchanges between these ecosystems and produce a mixing zone for 
saline and fresh water.  The water-level data shown in figure 2, collected at three monitoring 
stations (sites SR, P35, and SH1 in fig. 1), illustrate the effects of tides on flows that originate in 
the wetlands and propagate through the mangrove ecotone of the southwest Gulf coast.  The 
semi-diurnal tide range (approximately 50 to 80 cm) in the mangrove creeks is on the order of 
the maximum water depth in the freshwater wetlands.  The extensive wetlands, numerous sub-
tidal embayments, dendritic systems of tidal creeks, and underlying shallow aquifer of this 
ecosystem represent a geometrically complex, physically diverse, and dynamic environment that 
governs the flow of water and transport of constituents.  The extremely shallow relief of the 
wetland terrain with its inherent low flow velocities and small water-surface gradients 
necessitates the collection of accurate and extensive data to characterize and represent the 
geometric properties, hydrologic processes, and hydraulic factors that govern flow and transport. 
 
Model Formulation: The surface-water/groundwater hydrodynamic/transport model being 
developed to simulate flow and transport through the coastal land-margin ecosystems of the 
southern Everglades represents a coupling and extension of existing models.  The two-
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dimensional, depth-averaged, Surface Water Integrated Flow and Transport (SWIFT2D) model 
(Leendertse, 1987) has been coupled to the three-dimensional, variable-density, groundwater 
model SEAWAT.  SEAWAT is a coupled version of the Modular Groundwater Flow 
(MODFLOW) model (McDonald and Harbaugh, 1988) and the solute-transport model MT3D 
(Zheng, 1990).  A numerical algorithm has been developed to synchronize SWIFT2D tidal-
compatible time steps with SEAWAT stress periods.  Revised numerical expressions and 
algorithms derived from ongoing hydrologic process studies have been formulated for 
incorporation into SWIFT2D to better simulate hydrologic conditions affecting the wetland flow 
regime.  These expressions and algorithms link evapotranspiration, flow-resistance, and wind-
stress effects to vegetative properties and to the extremely slow flows and shallow depths typical 
of the low-gradient Everglades wetlands.  

 
 

Figure 2.  Water levels recorded in Shark River (SR) and Shark River Slough (P35 and SH1).  
(P35 data from NPS/ENP, SH1 data from USGS Land Margin Ecosystem Program, and SR data 
from USGS Water Flows and Nutrient Fluxes to Southwest Coast Project.) 
 

HYDROLOGIC PROCESSES 
 
Evapotranspiration: One of the most important components of the Everglades water budget is 
evapotranspiration (ET).  Recent advances in instrumentation and measurement techniques have 
made it possible to monitor and record the parameters needed to evaluate ET continuously.  A 
network of nine monitoring stations at sites that represent the various types of hydrologic and 
vegetative environments in the Everglades has provided the micro-meteorological and basic 
hydrologic data needed for ET evaluation (German, 2000).  Data for 1996 and 1997 have been 
analyzed and used to determine the annual amount and seasonal distribution of ET losses and to 
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identify the most important factors that contribute to ET.  Spatial variability in ET mostly reflects 
local availability of water and density of vegetative cover.  Continuous evaluation of ET at 
selected sites has enabled the development of regional ET models based on the Bowen-ratio 
energy-budget method (Bowen, 1926) that can be used to estimate ET at other times and 
locations throughout the Everglades.  Solar radiation and energy flux measured at the ET sites, 
three of which are within the TIME model domain, are provided as input to the TIME model.  
These inputs enable continuous regional evaluation of ET as a function of changing water depth, 
which is simulated by the TIME model, through application of the site-specific ET model 
appropriate to the local vegetation. 
 
Vegetative Resistance: Vegetation plays a pivotal role in controlling the speed and direction of 
flows in the highly frictional Everglades environment.  Numerous laboratory and field 
experiments have been conducted in order to quantify the resistance effect of vegetation on flow 
conditions (Lee et al., 2002).  Analysis of co-located velocity and vegetation-characteristic 
profiles has shown that the drag force on flow is a function of both a Reynolds number based on 
average spacing between plant stems and the ratio of this stem spacing to water depth.  This 
relationship has been verified using laboratory and field measurements.  Current research is 
being conducted to correlate the difficult-to-measure average stem spacing to other vegetative 
characteristics that are more readily determined using remote sensing techniques.  Numerical 
algorithms are being developed to apply these findings on the resistance effects of vegetation at 
the spatial resolution scale of the TIME model. 
 
Wind Effects: The ability of wind to affect flow conditions in the Everglades has been a topic of 
debate.  Laboratory experiments by Jenter and Duff (1999) have shown that winds of 32 
kilometers per hour (20 miles per hour) can accelerate or decelerate the top 20 or so centimeters 
of the water column in moderately dense sawgrass.  In addition, observations of temperature 
profiles in the Everglades by Schaffranek and Jenter (2001) indicate that high winds can cause 
mixing in the upper part of the water column, e.g., top few tens of centimeters.  Both studies 
show that the effects of the wind on flow in the vegetated wetlands are significantly damped 
relative to their effects in open water.  Defining the wind’s diminished ability to affect flow in 
vegetated wetlands is the focus of current research.  This vegetation effect is incorporated into 
the quadratic wind-stress term of the TIME model through use of a sheltering coefficient 
multiplied by the open-water drag coefficient (Large and Pond, 1981).  Due to the lack of 
quantitative measurements of these sheltering coefficients, a value 0.1 (Reid and Whitaker, 
1976) presently has been applied to all vegetated grid cells within the model domain.  Ongoing 
field measurements are focused on defining the effects of wind in different types and densities of 
vegetation to assign more definitive coefficients to evaluate varied sheltering effects. 
 

TIME MODEL DESCRIPTION 
 
Computational Domain: The TIME project study area encompasses the full model domain that 
extends from an eastern boundary at canal levees west of Miami to a western boundary along the 
Gulf coast from Cape Sable to Everglades City and from a northern boundary along Tamiami 
Trail to a southern boundary in Florida Bay from Key Largo to Cape Sable (fig. 1).  The 
extensive model domain enables direct and concurrent simulation of coastal driving forces and 
freshwater flows into ENP.  At present, the western boundary of the TIME model domain ends 
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approximately 25 km east of Everglades City (fig. 1), which is the extent of available 
topographic data.  Water-level, rainfall, flow-velocity, and discharge data collected in the 
wetlands, canals, culverts, and tidal creeks throughout the study area are being used to evaluate 
empirical coefficients, to account for internal flow sources, to quantify external open-boundary 
flows, and to calibrate the model. 
 
Internal Sources and Sinks: Precipitation is the largest internal flow source within the model 
domain and groundwater flow exchanges are a secondary internal surface-water source or sink.  
Measured rainfall is interpolated spatially and temporally using Geographic Information System 
techniques to generate time-series maps for model input.  Surface-water/groundwater exchanges 
are explicitly treated by coupling the SWIFT2D surface-water and SEAWAT groundwater 
models through Darcy’s Law (Langevin et al., 2002). 
 
Topography: Extensive elevation data are required to define the topography of the wetlands and 
the bathymetry of tidal creeks and coastal embayments in the mangrove ecotone.  A preliminary 
partial grid of land-surface elevation data (500-meter-square cells), referenced to North 
American Vertical Datum 1988 (NAVD88), has been generated from data points surveyed using 
geodetic-quality differential global positioning system technology to represent the topography 
(Desmond et al., 2000) and bathymetry (Hansen, 1997) (fig. 3).  The land-surface elevation grid  
 

 
 
Figure 3.  Surface elevation grid (500-m cells) for the TIME model (black outline). 
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is being updated and expanded continually as new survey data become available from the 
ongoing mapping effort.  No topographic data are available for the western mangrove ecotone 
along the interface of the Everglades wetlands with the Gulf of Mexico.  In the model grid shown 
in figure 3, topography in the vicinity of Cape Sable and along the Gulf coast, as well as the 
bathymetry of Whitewater Bay and tidal creeks in the mangrove ecotone, have been estimated. 
 
Vegetation: A vegetation-classification scheme has been developed specifically to serve as the 
basis for quantifying hydrologic processes in the TIME model.  Vegetation classes are defined to 
evaluate evapotranspiration, frictional-resistance effects, and wind-stress conditions.  Twenty 
land-cover classes, derived from 1997 Landsat Thematic Mapper imagery (Jones, 2000), were 
subsequently combined into seven vegetation classes and one open-water class using field 
information on vegetative composition and structure as well as extensive ground-truth 
observations.  The vegetation-classification grid for the TIME model in figure 4 shows the open 
water and seven vegetation classes, i.e., sawgrass, sawgrass/bunchgrass, mixed sawgrass/rush, 
rush/other grasses, evergreen, mangrove, and sparse sawgrass/rush/water.  These vegetation 
classes presently are serving as the basis for quantifying hydrologic processes within the model; 
however, they are being further analyzed and refined as more recent Landsat images and ground-
truth data become available.  Other remote sensing data and image analysis techniques are under 
study to further define vegetation characteristics for improved hydrologic process representation. 

 

 
 
Figure 4.  Vegetation-classification grid (500-m cells) for the TIME model (black outline). 
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Open-Boundary Flows: Water-level, velocity, and discharge data collected in the wetlands, 

etland Flows:

canals, culverts, and tidal creeks are being used to evaluate empirical coefficients, to define 
external inflows and water-level conditions at open boundaries, and to calibrate the model.  At 
the eastern extent of the model domain, freshwater inflows from the L-31W canal and overbank 
flows from canal C-111 are specified as open-boundary conditions by hourly discharges derived 
from ratings for the S-332, S-175, S-18C, and S-197 hydraulic control structures (fig. 5).  At the 
northern model boundary along Tamiami Trail (fig. 1), mean daily water levels at the S-12A-D, 
S-333, and S-334 control structures (fig. 5) and mean daily discharges at the S-12A-D control 
structures are used as open-boundary conditions.  Mean hourly discharges for 19 culverts, 
identified as numbers 41–59 in figure 5, also are specified as open-boundary inflows along 
Tamiami Trail.  At the southern extent of the model domain in Florida Bay and at the western 
extent northwest of Cape Sable (fig. 1), tidal water levels are specified as open-boundary 
conditions.  Although there are a number of water-level stations along the western Gulf coast 
boundary of the mangrove ecotone, the lack of vertical datum control in this remote area is 
problematic for their use as boundary conditions.  Water levels measured at a USGS flow-
monitoring station in Harney River (fig. 5), with an estimated reference adjustment applied to 
reflect NAVD88, are being used for the western open-boundary condition along the Gulf coast 
northwest of Cape Sable.  Field efforts are underway to reference existing water-level stations 
along the Gulf coast to NAVD88 and the western boundary condition of the model will be 
modified at the completion of the surveys.  The open-boundary condition for Florida Bay, 
between Key Largo and Cape Sable, has been interpolated from water-level data measured at 
three USGS coastal flow-monitoring stations, McCormick Creek, Trout Creek and Taylor River 
(fig. 5).  
 
W  Flow-velocity, water-level, and salinity data collected in the wetlands and tidal 

TIME PROJECT STATUS 
 

rocess studies and monitoring efforts within the ongoing USGS South Florida Ecosystem 

creeks are being used to implement, calibrate, and verify the TIME model.  The low relief of the 
wetland terrain yields small water-surface gradients (approximately 10-6) and extremely slow 
flow velocities, typically on the order of 0-4 cm/s (Riscassi and Schaffranek, 2002; Schaffranek 
and Ball, 2000).  Water levels, flow velocities, and salinities are being collected and compiled 
for comparison to simulation results for model adjustment and verification in the calibration 
process. 
 

P
Program continue to produce results and data for synthesis and integration into development of 
the TIME model.  New and refined numerical algorithms are being developed and coded into the 
surface-water model to reflect recent hydrologic process-study findings.  Mapping efforts to 
quantify the physical characteristics of the wetlands and mangrove ecotone are in progress and 
the computational domain of the surface-water model continues to be enhanced and expanded as 
new data become available.  Development of the groundwater model is progressing concurrently, 
but additional geophysical data also are needed to better characterize the aquifer system 
(Langevin et al., 2002).  Field data-collection efforts are underway to provide the missing data 
needed to further develop both models for integration into the TIME model.  
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Figure 5.  Satellite image of south Florida showing locations of culverts, flow stations, and 
hydraulic control structures in the TIME model domain (white outline). 
 

SUMMARY 
 
The Tides and Inflows in the Mangroves of the Everglades (TIME) Project of the U. S. 
Geological Survey’s South Florida Ecosystem Program is integrating the latest scientific findings 
of hydrologic process studies into development of a research and analysis tool for evaluation and 
restoration of the Everglades.  Process-study findings are being used to extend and improve the 
mathematical representation of critical forcing mechanisms and to define empirical coefficients 
and functional relations for the development and implementation of a coupled surface-
water/groundwater hydrodynamic/transport model of the southern Everglades.  The model is 
being applied to the interface of the Everglades freshwater wetlands with Florida Bay and the 
Gulf of Mexico within Everglades National Park using data depicting land-surface elevations, 
topographic features, vegetation characteristics, and coastal bathymetry that are being collected 
in ongoing mapping efforts.  After being fully developed, implemented, and calibrated, the 
model will provide the capability to investigate wetting and drying patterns and flow conditions 
in the freshwater wetlands concurrent with flow and salinity conditions in connected marine 
ecosystems in response to changing inflows and tidal effects.  Salinity simulation results are 
being factored into the development of new estuarine ecological indicator species models for 
evaluation and restoration of the south Florida ecosystem. 
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Abstract: Florida State University is preparing a high resolution historical database of 
precipitation for watersheds within Florida.  This database will be useful for hydrologic 
modeling and for establishing the characteristics of precipitation over the State.  The data period 
will be from 1996 to the present, with a horizontal resolution of 4 km and a temporal resolution 
of 1 hour.  During the first phase of the project, we have focussed on the St. Johns River Basin 
for the year beginning 1 October 1997. Later phases will examine the entire State and the full 
period of data. We are utilizing software developed by the National Weather Service (NWS) for 
their River Forecast Centers, called the RFC-wide Multisensor Precipitation Estimator. The 
procedure merges hourly gauge data with digital precipitation data from NWS radars.  
 

 
INTRODUCTION 

 
Hydrologic studies traditionally have relied on precipitation data from surface gauges whose 
diameter is ~8 inches.  To estimate runoff volumes over larger areas, various statistical 
procedures are used to “distribute” the rainfall from several gauges.  Thiessen polygons are a 
commonly used technique of this type.  Although gauges generally provide excellent values at 
their specific locations, their horizontal spacing is relatively coarse, and many provide data at 
only 24-hour intervals.  The poor spatial and temporal resolution of most gauge networks cannot 
adequately resolve many precipitation events.   

 
Precision weather radars can give high resolution precipitation estimates by relating reflectivity 
(Z) to rainfall rate (R). The Weather Surveillance Radars-1988 Doppler (WSR-88Ds) operated 
by the National Weather Service (NWS) provide information at intervals of ~6 minutes for grid 
cells of ~ 1 km range and 1 degree azimuth.  Brandes (1975) was one of the first to describe the 
theory behind radar-derived precipitation.  Many Z-R relations have been reported in the 
literature, with each based on an assumed drop size distribution within the precipitating cloud.  
Unfortunately, since one does not know the drop size distribution for a given cloud at a given 
time, major assumptions are necessary.  Other limitations of radar-derived precipitation include 
beam spreading with distance from the radar site, beams that overshoot the tops of precipitation 
(especially shallow clouds during the cold season), clutter from ground targets, bright band 
contamination, and mis-calibrated radars.   

mailto:fuelberg@met.fsu.edu


 
Brandes (1975) showed that even with the most appropriate Z-R relation, radar-derived 
precipitation estimates can be in error by factors of two or three. More recently, Fo et al. (1998) 
determined that radar-derived rainfall underestimated gauge-derived rainfall by ~40% when 
compared to point precipitation values from the Oklahoma mesonetwork.  Klazura et al. (1999) 
compared radar-gauge pairs at many locations across the country.  Values from gauges and 
radars were found to be nearly equal during convective rainfall situations, but gauge values were 
approximately double the radar-derived values during low reflectivity gradients.  Thus, radar-
derived stratiform rainfall was underestimated by ~50% in most regions of the country. Other 
studies that have compared radar- and rain gauge-derived rainfall also have documented large 
discrepancies between the two (e.g., Fulton et al. 1998, Baeck and Smith 1998).  

 
It is clear that radars provide excellent spatial and temporal coverage, but that their amounts may 
have large errors.  Conversely, gauges usually provide accurate precipitation values, but their 
spatial and temporal resolution is sorely inadequate for many hydrologic applications.  The 
National Weather Service River Forecast Centers (RFCs) seek to mitigate the limitations of 
radar-derived precipitation by combining these data with gauge-derived values.  Fulton et al. 
(1998) describe the procedure that the NWS has used to combine gauge- and radar-derived data 
into a single precipitation product that is called Stage III.  Stellman et al. (2001) evaluated Stage 
III products over the Culloden Basin of the Flint River in central Georgia. 
 
The Florida Department of Environmental Protection (FDEP) wishes to develop a high 
resolution historical database of precipitation over Florida to support surface and ground water 
pollution modeling requirements of the Total Maximum Daily Loading (TMDL) program.  The 
historical database will be made available to other state/federal agencies and the public.  Once 
completed, it will provide consistent and highly accurate estimates of rainfall for the entire state.  
We are preparing that database using a new procedure, described below, that optimally combines 
radar- and gauge-derived values.  This paper describes our preparation of that historical database. 
 

The Multi-Sensor Precipitation Estimator 
 

The NWS is implementing a new procedure for blending radar- and gauge-derived precipitation 
so that the strengths of each are maximized and their limitations are minimized.  This new 
software system is called the River Forecast Center (RFC)-wide Multi-sensor Precipitation 
Estimator (MPE). A brief summary of the procedure is given below; additional information is 
available in Breidenbach and Bradberry (2001). 

 
The Radar Product Generator (RPG) at each WSR-88D site calculates rainfall estimates out to a 
radius of 230 km by using an assumed Z-R relation and integrating over time.  As noted 
previously, only two or three such Z-R relations are used operationally. Software within the RPG 
attempts to mitigate local problems such as ground clutter and terrain-induced beam blockages 
by using the radar’s lowest unobstructed elevation angle that clears the terrain by at least 500 ft 
(O’Bannon, 1997). Both graphical and gridded displays of precipitation accumulation are 
produced as output.  The gridded data, called the Digital Precipitation Array (DPA), have a 
horizontal resolution of 4 x 4 km and a temporal resolution of 1 hour.   

 
DPA data from a number of radars are forward in real time to the RFCs where they are input to 
the MPE code together with the rain gauge data. Since most 4 x 4 km grid cells in the nation are 
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scanned by several radars, the MPE code determines the single radar that best “sees” each grid 
cell.  To be selected for a particular cell, a radar must scan that cell at the lowest possible 
elevation angle and exhibit little or no beam blockage in the area.  Figure 1 shows an example of 
the radar coverage map (the multi-radar mosaic) for Florida.  One should note that each radar’s 
coverage area is not circular due to the optimization procedures just described.  If data from a 
given radar are not available at a particular time, the MPE code will attempt to fill the gap with 
data from nearby radars.   Thus, the mosaic in Figure 1 can change from hour to hour. 

 
The next step of the MPE procedure is to combine the radar and gauge data.  A mean field bias 
correction factor is computed each hour for each radar’s coverage area (i.e., a different bias for 
each separate area in Figure 1).  The bias is based on pairs of co-located gauge and DPA data 
within each coverage area.  If a sufficient number of pairs is not available for the current hour, 
pairs from previous hours are utilized.  The bias is calculated using recursive estimation and 
exponential smoothing techniques (Seo et al., 1999).  Once calculated, the original DPA value at 
each grid cell of the coverage area is multiplied by the mean bias correction for that area.  The 
mean field bias correction can mitigate area wide deficiencies that are due to poor radar 
calibration and use of an inappropriate Z-R relation at the site of the RPG. 

 
Non-uniform (grid cell to grid cell) biases in the radar-derived precipitation (DPA) data are 
handled during a final step of the MPE procedure.  These biases might arise due to different 
types of precipitation (e.g., convective vs. stratiform) occurring within a single radar coverage 
area.  In this final step, gauge observations are merged with estimates from the bias-corrected 
radar mosaic using an optimal estimation procedure (Seo, 1998).  Specifically, the value at a 
particular grid cell is determined by weighting the gauge and radar values near that cell.  Since 
the gauge observations are considered to be “truth”, the optimal estimate matches the gauge 
value at the gauge location.  The weight of a gauge decreases with distance from the grid cell, 
while the weight of a radar estimate increases as a function of the distance between the grid cell 
and the nearest gauge (Breidenbach and Bradberry, 2001).  

 
 

PROCEDURES AT FLORIDA STATE UNIVERSITY 
 
Radar-derived precipitation climatologies are used to determine areas of radar blockage and 
other limitations. We prepared these climatologies for the 28 radars within the area of 
responsibility of the Southeast River Forecast Center (SERFC) for the period January 1996 – 
December 1999.  The products first were calculated for individual months.  However, since they 
were dominated by individual rain events, the individual monthly products were combined into a 
composite for the warm season  (April – September) and another for the cold season (the 
remaining months).  Thus, each seasonal climatology consists of 24 individual months (4 years 
of 6 months each). These images are available on the web at http://bertha.met.fsu.edu/~gquina).   
 
The precipitation climatologies show many interesting features.  Figure 2 shows radar-derived 
precipitation totals (inches) at Tallahassee (TLH) during the warm and cold seasons.  The outer 
edge of each display corresponds to a radius of 230 km. During the warm season, greatest 
precipitation occurs east and west of TLH, hugging the coastline due to the effects of daytime 
sea breezes.  Conversely, the shape of the coastline near TLH produces diminished precipitation 
in that area.  During the winter season, the precipitation is more uniformly distributed, with 
greatest values west and south of TLH.   
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A prominent feature during both seasons (Fig. 2) is the broad wedge of apparently diminished 
precipitation extending northeast from the TLH radar site.  In addition, a circular area of reduced 
precipitation totals surrounding the radar indicates where higher elevation angles in an older scan 
strategy were used to compute precipitation at ranges closer than 50 km.  These higher tilt angles 
had a tendency to overshoot a certain percentage of low top precipitation. These reduced 
precipitation areas are not real but are an artifact of scan strategy, beam blockage by buildings, 
hills, and trees on hills.  This is the type of problem that the radar climatologies are designed to 
reveal. The MPE scheme minimizes the effects of such blockages.  Numerous radars within the 
SERFC area suffer from beam blockages of varying degrees. 
 
The MPE code was obtained from the NWS Office of Hydrologic Development and loaded onto 
a SUN workstation at Florida State University.  Several major issues (and many minor ones) had 
to be addressed before the code could be run outside of the AWIPS operational environment.  
For example, Informix data calls were removed and replaced with read and write statements to 
flat files. Graphical display code was written to replace the AWIPS-based display that is used 
operationally. We chose the water year 1 October 1997 through 30 September 1998 as the initial 
period of study.  This year contains both very dry (e.g., the Florida wildfires) and very wet 
periods that facilitated a thorough evaluation of the procedure.  Mesoscale rain gauge data for the 
year were obtained from the St. Johns Water Management District (SJWMD).  Locations of 
these gauges are shown in Figure 3; not all gauges were available each hour during the one year 
period.  The black outline in Figure 4 shows the boundaries of the St. Johns River Basin, while 
the yellow box denotes the area of our final digital data set. 
 
The gauge data obtained from the SJWMD were carefully examined.  We concluded that they 
had done a thorough job of quality controlling the data and that we could not improve on their 
procedures.  However, we did carefully consider the situation in which gauge data are missing 
for a number of hours, with the total for the missing period provided at the end of the gap.  Our 
data scans revealed that these missing periods did not constitute a significant portion of the total 
data volume.  Nonetheless, since all gauge data are valuable, it would be desirable to use them if 
possible.  Therefore, software was written to distribute the gauge total over the gap by using the 
hourly radar-derived values to compute hourly weights.  To test the new scheme, we simulated 
this type of data gap to evaluate hourly values generated by the code.  Results showed that the 
interpolation procedure worked best with short data gaps and with gaps containing convective 
precipitation which tends to last for only a short time.  Conversely, the scheme did not work well 
for stratiform events since they tend to last for longer periods.  In addition, stratiform 
precipitation sometimes was undetected by the radars due to the low echo tops.  In that situation, 
the gauge total could not be distributed over the period.  Based on these simulations, we 
concluded that the software should not be used, i.e., the gap should be treated as missing data. 
 
We spent considerable time “tuning” the MPE software to the gauge network and precipitation 
characteristics of the St. Johns Basin.  This tuning was necessary because the NWS uses MPE 
over a much larger domain that has a much coarser gauge spacing.  The MPE software contains a 
number of “adaptable parameters” whose combination determines the relative influences of the 
gauge and radar data and how the various biases and adjustments are calculated.  We ran 
exhaustive tests on many combinations of these parameters, checking the calculated MPE 
precipitation with that from gauges that had been removed from the data set. Values of the “lag 
zero conditional cross correlation coefficient” and the “lag zero indicator cross correlation 

 4



coefficient” were found to be very important since they determine the relative influences of the 
gauge- and radar-derived precipitation values.  Results also showed that the radius of influence 
for gauges should vary depending on whether the precipitation was stratiform or convective in 
character, i.e., use a smaller radius for convective precipitation.  Conversely, calculated MPE 
values were not highly sensitive to the number of gauge/radar pairs specified to calculate the bias 
adjustment.  With such a dense gauge network in our study area, it often made little difference 
whether we required five or twenty pairs. The required number either would be available at the 
given hour or within several hours.  It should be emphasized that our results for the St. Johns 
Basin probably are not applicable to other gauge networks or for other climatic regimes.  We 
advise users to perform similar sensitivity studies for their own areas of interest. 
 
Based on the tuning experiments described above, it became clear that some of the adaptable 
parameters should vary depending on the character of the precipitation that was occurring at the 
time. To assess this character, we calculated each hour the standard deviation of the raw radar-
derived precipitation (DPA) values over the Basin.  If the standard deviation for a given hour 
was greater than 0.125 inches, the precipitation was assumed to be predominately convective.  
The two correlation type adaptable parameters then were set to 0.925, and the radius of influence 
was set to 20 km. Conversely, if the standard deviation for a given hour was found to be less than 
0.125 inches, the precipitation was assumed to be predominately stratiform, with the two 
correlations specified as 0.65 and the radius as 35 km.  The adaptable parameters selected for 
stratiform precipitation weight the gauges more than during convective events (since the radar 
may overshoot the low echo tops) and include gauges over a larger area. This approach produced 
results that were improved over those of the standard unchanging set of adaptable parameters 
that is used by the NWS.  Our procedure does not consider the situation when part of the St. 
Johns Basin contains stratiform precipitation while another part exhibits convective precipitation. 
 

RESULTS 
 
Utilizing the previously described methodologies, we calculated precipitation over the St. Johns 
Basin each hour during the one year period 1 October 1997 – 30 September 1998.  Sample 
results are provided in the following paragraphs.  January and July represent the cold and warm 
seasons, respectively.  Since a one year period of data is insufficient to determine climatological 
aspects of Florida rainfall, the various figures merely describe our particular year of study. 
 
Figure 5 depicts hourly precipitation from the MPE procedure. The rainfall total (inches) is for 
the one hour period ending at 1400 UTC 14 December 1997. The individual rainfall elements are 
4 x 4 km in size.  One should note the black dots that indicate the locations of rain gauges that 
were utilized in the computations. Although the precipitation is rather light and widespread, it is 
far from uniform.  Careful examination reveals details that would be undetected by the gauges. 
Figure 6 indicates hourly precipitation ending at 2100 UTC 14 July 1998.  This day is 
representative of summer time conditions when precipitation is scattered, but locally intense in 
some places. Careful examination reveals that some rain fell between even this dense network of 
gauges.  Thus, that rainfall would have been undetected without the radar data.  In addition, the 
radar data give the proper spatial configuration of rainfall that may have been sampled 
inadequately by the gauges.  Since most regions of the nation do not have the high density of 
gauge data of the St. Johns Basin, the radar data would be even more valuable in those areas. 
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Total rainfall for the entire twelve month period is shown in Figure 7.  One should note that 
values range from ~40 in. to ~80 in.—a factor of two.  Greatest rainfall during the year occurs 
over the western portion of the domain.  Conversely, the smallest annual totals occur along the 
East Coast and in the far northern part of the Basin, just west of Jacksonville. Monthly totals for 
January and July 1998 are depicted in Figure 8.  The pattern for January shows relatively broad-
scale swaths of enhanced or diminished precipitation that are typical of the cool season. Much of 
this precipitation is due to stratiform systems. On the other hand, the pattern for July is less 
organized, reflecting the mesoscale circulations that produce the daily rain events.  The sea 
breeze is the most important example of these mesoscale circulations.  Depending on the large-
scale wind direction, the sea breeze can either hug the east coast (large scale westerly winds), 
hug the west coast (large scale easterly winds), or there can be well defined sea breezes on both 
coasts (light large scale flow) that propagate toward the center of the peninsula during the day.  It 
is clear in both months (and in months not shown) that rainfall over the St. Johns Basin has large 
spatial variability.  This finding is no surprise to Florida residents. 
 
We have performed detailed evaluations of the RFC-wide product.  Figures 9 and 10 show 
examples of one such evaluation.  In each of the two months (January and July), the RFC-wide 
code was run with either five or six of the St. Johns gauges removed from the data set for the 
entire month, thereby creating an independent data set.  The calculated hourly precipitation totals 
at the location of each removed gauge then were compared with the value at that gauge.  This 
process was repeated four times, each with a different combination of gauges being removed. 
The figures show how the RFC-wide hourly totals compare with those from the omitted gauges.  
It should be emphasized that one cannot expect perfect agreements since the gauges typically 
sample areas with a radius of 8 inches, whereas the radar pixels are 4 x 4 km in area. This spatial 
consideration is especially important during the summer when precipitation is more cellular than 
during the winter. Furthermore, the gauges that were omitted to form the independent data set 
might have provided important information had they been retained.  Nonetheless, the various 
statistics indicate quite good agreements for both months, with January being better than July. 
This evaluation of hourly values is a very harsh test of the RFC-wide procedure.  Evaluation of 
daily or monthly totals (not shown) would yield even better statistics since over- and under-
estimates would tend to cancel out (note that the average calculated minus gage value is quite 
small). 
 

SUMMARY 
 
Florida State University is preparing a high resolution (4 x 4 km, hourly) historical database of 
precipitation for watersheds within Florida. We are utilizing software called the RFC-wide 
Multisensor Precipitation Estimator that was developed by the National Weather Service (NWS) 
for use at their River Forecast Centers. The procedure uses hourly digital precipitation data from 
NWS radars within the computational area, called the Digital Precipitation Array (DPA).  During 
the first phase of the project, we have focussed on the St. Johns River Basin for the water year 
beginning 1 October 1997.  We now are beginning computations for the remainder of Florida, 
and those portions of Alabama and Georgia whose streams pass through Florida.  This data set 
will begin in 1996 and continue through the present. We are eager to investigate precipitation at 
an even higher resolution, e.g., 2 x 2 km, 15 minute.  That effort will require creation of a higher 
resolution DPA-like product from the “raw” radar data.  Additional funding sources will be 
required to begin that effort. 
 

 6



Acknowledgements:  This project was funded in part by a Section 106 Water Pollution 
Control Program grant from the U.S. Environmental Protection Agency (US EPA) through a 
contract with the Watershed Assessment Section of the Florida Department of Environmental 
Protection.  The contract number is WM 805. 
 

REFERENCES 
 
Baeck, M. L. and J. A. Smith, 1998:  Estimation of heavy rainfall by the WSR-88D, Wea. 

Forecasting,  13, 416-436. 
Brandes, E.A., 1975:  Optimizing rainfall estimates with the aid of radar.  J. Appl.  

Meteor., 14, 1339-1345. 
Briedenbach, J.P., and J.S. Bradberry, 2001:  Multisensor precipitation estimates produced by  
 National Weather Service River Forecast Centers for hydrologic applications.  

Proceedings, 2001 Georgia Water Resources Conf., March 26-27, 2001, Institute of 
Ecology, University of Georgia, Athens. 

Fo, A.J.P., K.C. Crawford, and C.L. Hartzell, 1998: Improving WSR-88D hourly rainfall 
estimates. Wea. Forecasting, 13, 1016-1028. 

Fulton, R. A., J. P. Breidenbach, D.-J. Seo, D. A. Miller, and T. O’Bannon, 1998: The WSR-88D 
rainfall algorithm.  Wea. Forecasting, 13, 377-395. 

Klazura, G. E., J. Thomale, D. Kelly, and P. Jendrowski, 1999:  A comparison of NEXRAD 
WSR-88D rain accumulations with gauge measurements for high and low reflectivity 
horizontal gradient precipitation events.  J. Atmos. Ocean. Tech., 16, 1842-1850. 

O’Bannon, T., 1997:  Using a “terrain-based” hybrid scan to improve WSR-88D precipitation 
estimates.  Preprints, 28th Conf. Radar Meteor., Austin, Amer. Meteor. Soc., 506-507. 

Seo, D.J., 1998: Optimal estimation of rainfall fields using radar rainfall and rain gauge data.  J. 
Hydrol., 208, 37-52. 

Seo, D.J., J.P. Briedenbach, and E.R. Johnson, 1999:  Real-time estimation of mean field bias in 
radar rainfall data. J. Hydrol., 223, 131-147. 

Stellman, K.M., H.E. Fuelberg, R. Garza, and M. Mullusky, 2001:  An examination of  
radar- and rain gage-derived mean areal precipitation over Georgia watersheds.   
Wea. Forecasting, 16, 133-144. 

 
 
 
 
                      
 
 
 
 
 
 
 
 
 
 
 
 

 7



 
                              Fig. 1. Radar coverage map for the St. Johns River Basin. “X’s” mark the 

                                  locations of the three overlapping radars. 
 
 

 
 
 
 

Fig. 2.  Total rainfall (inches) indicated by the Tallahassee, FL (TLH) radar for (left) the 
composite warm season (April - September) of years 1996 - 1999 (a total of 24 months) and 
(right) the remaining cold season months. 
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                    Fig. 3. High density gauge network of the St. Johns River Water  
                    Management District.  Not all gauges are available at a given hour. 

                    Fig. 4. The yellow area shows the region of calculation.  The black outline shows                              
                    actual boundaries of the St. Johns Basin.                      
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Fig. 5. Rainfall (inches) for 
the one hour period ending 
at 1400 UTC 14 December 
1997.  Gauge locations are 
indicated by black circles. 

               

 
 

Fig. 6. Rainfall (inches) for 
the one hour period ending 
at 2100 UTC 14 July 1998.  
Gauge locations are 
indicated by black circles. 
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Fig. 7. Total rainfall (inches) over the St. Johns River Basin for the one year study period 
October 1, 1997 – September 30, 1998. 

 
 

 
 
 

                   Fig. 8. Total rainfall (inches) for (left) January 1998 and (right) July 1998. 
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Hourly Totals of Gauge Values vs MPE Values for January
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           Fig. 9. Comparison of hourly rainfall totals for January 1998.   
           Correlation Coefficient = 0.9047, RMS Error = 0.064545 inches. 
           Average RFC-wide minus Gage value =  –0.01027 inches. 

Hourly Totals of Gauge Values vs MPE Values for July
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         Fig. 10. Comparison of hourly rainfall totals for July 1998. 
            Correlation Coefficient = 0.7407, RMS Error = 0.150667 inches. 
            Average RFC-wide minus Gage value = 0.006 inches. 
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Abstract: The ecosystem of the St. Lucie Estuary (SLE), located on the east coast of south 
Florida, has been greatly influenced by the development of an intricate network of drainage 
canals in the tributary watershed.  The South Florida Water Management District (SFWMD) and 
the United States Army Corps of Engineers (USCOE) have developed a plan to rehabilitate the 
impacted ecosystem.  The plan focuses on hydrologic restoration to the pre-drained or natural 
hydrologic characteristics in the watershed to aid the recovery and protection of salinity sensitive 
biota in the estuary.  To achieve this goal, a suite of models dealing with watershed hydrology, 
reservoir optimization, estuary salinity and oyster stress was applied. A 31-year simulation 
period (1965-1995) was selected to ensure that a wide range of climatic conditions was included.  
The restoration efforts centered on applying the Natural Systems Model (NSM), which simulates 
the hydrologic response of the pre-drained watershed to recent climatic conditions.  The NSM 
modeling results were used as the basis for establishing the hydrologic restoration target, sizing 
reservoirs, and justifying flow transfers between basins within the watershed.  The Hydrologic 
Simulation Program - Fortran (HSPF) was used to simulate the hydrology of the present and 
future conditions.  A genetic algorithm based optimization model (OPTI), coupled with HSPF, 
was used to size the storage reservoirs and generate operational rules that govern water release to 
the SLE.  Finally, an estuary salinity model and an oyster stress model were used to develop a 
numerical performance measure to evaluate the effectiveness of the project on estuarine 
ecosystem restoration.  

 
INTRODUCTION 

 
The St. Lucie Estuary (SLE), a major tributary of a larger water body, the Indian River Lagoon 
(IRL) (Figure 1), is a natural resource of regional and national significance. The current 
developed SLE watershed has a total area of 501,000 acres, of which about 50% is agricultural 
lands, 17% is urban and only 16% remains as wetlands.  These developments, in particular the 
construction of an intricate network of drainage canals (see Figure 1), have significantly changed 
the quantity, quality, timing and distribution of flows into the estuary.  This altered hydrology in 
combination with emergency freshwater releases from Lake Okeechobee has significantly 
impacted the overall salinity regime supporting the SLE/IRL ecosystem.  Seagrasses and oysters, 
once abundant in the Estuary, are virtually absent today (Haunert and Startzman, 1985).  
Restoration of the SLE/IRL ecosystem is a major component of the Comprehensive Everglades 
Restoration Plan (CERP).  This unparalleled effort, undertaken by the South Florida Water 
Management District (SFWMD) and the United States Army Corps of Engineers (USCOE), 
includes a budget of about $1 billion for SLE/IRL restoration (USCOE and SFWMD, 2001). The 
proposed restoration plan is centered on recapturing the hydrologic characteristics of the pre-
drained or natural watershed by using storage reservoirs and inter-basin transfers to aid the 
recovery and protection of salinity sensitive biota in the estuary.  This effort coupled with 
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construction of stormwater treatment areas, re-hydration of drained wetlands and removal of 
muck sediment in the estuary will improve overall ecosystem health in the SLE.  During the 
restoration plan formulation, an integrated modeling approach was employed to establish the 
hydrologic restoration target and to refine the restoration alternatives.  This paper describes how 
a suite of models dealing with watershed hydrology, reservoir optimization, and estuarine 
salinity and ecology are applied in an integrated manner to establish the hydrologic restoration 
target and to help generate the restoration plan. 
 

 
 

Figure 1.  The developed St. Lucie Estuary watershed. 
Basin C-25 and Basin 1 discharge directly into the Indian River Lagoon. 

 
 
 

MODELING TOOLS  
 
Formulation of the restoration plan to re-capture the pre-drained watershed hydrology involved 
the use of three types of models: 
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(1) Watershed hydrology models to simulate the hydrologic responses of the developed 
watershed and the pre-drained watershed to the same climatic input;  

(2) A reservoir optimization model to size the storage reservoirs and optimize the operational 
rules; and 

(3) Estuary salinity and oyster stress models to evaluate the influence of watershed freshwater 
inflows on estuary salinity and oyster stress under the pre-drained, current developed, and 
future restored conditions.   

 
These models were applied with a 31-year simulation period from 1965 to 1995 to ensure that a 
wide range of climatic conditions such as floods and droughts were included in the modeling 
process.  The following provides a brief description of each of the models applied. 
 
The Developed Watershed Model: The watershed hydrology for the developed condition was 
simulated using Hydrologic Simulation Program-Fortran (HSPF version 12).  Enhancements in 
HSPF to simulate the high water table and wetland conditions common in South Florida were 
conducted prior to model calibration and application (Aqua Terra Consultants, 1996). The model 
was calibrated in drainage basins where long-term flow monitoring data are available at the 
discharge structures.  The model was applied to six major drainage basins of the watershed 
(Figure 1). These drainage basins were divided into subbasins that were further segmented into 
six landuse types.  These landuse types, including irrigated agriculture (primarily citrus), non-
irrigated pasture, forest, wetland, and urban lands, are considered to be the most important 
factors determining hydrologic response in the watershed.  The 1995 landuse coverage was used 
to represent the current development condition and thus the simulation was called “1995 base.” 
Projected landuse in 2050 was considered as the future development condition and thus the 
simulation was called “2050 base.”  In 2050, there will be substantial increases in urban lands, 
irrigated agriculture will neither grow nor decline, wetlands will not decline in total acreage but 
will decline in quality, and forest and pasture area will decrease.  The HSPF model was used to 
show how these changes in land use affect hydrology. 
 
An important step in the modeling process is to simulate the irrigation demands and supplies.  
The SLE watershed has substantial amounts of irrigated land and relatively small amounts of 
basin storage.  The source of supplemental water supply has been primarily the Floridan aquifer. 
The aquifer is artesian and has a higher salt content than desired for agricultural use.  During 
extended droughts, the salt levels can lower citrus yield significantly.  HSPF simulates irrigation 
demands and attempted to meet demands by drawing water from specified canals.  When canals 
are dry, irrigation demands are unmet.  The Agricultural Field Scale Irrigation Requirements 
Simulation (AFSIRS) model (Smajstrla, 1990) was run to help determine total irrigation 
demands, water availability, and Floridan aquifer withdrawals within the basin.  
 
The Pre-Drained Watershed Model: The Natural Systems Model (NSM version 4.5, Van Zee, 
1999) was developed to estimate the hydrologic responses of the pre-drained watershed to the 
same climatic input data that were used for HSPF simulations. This allows for meaningful 
comparisons between the managed system and the natural system. The NSM modeling results 
were used to establish the hydrologic restoration target, to justify inter-basin diversions, and to 
establish minimum flows that are required to sustain the SLE ecosystem.  
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The NSM model is a cell-based, two-dimensional, coupled surface and ground water model.  The 
dominant hydrologic processes simulated include infiltration and evapotranspiration (ET), 
overland flow, river flow, and groundwater flow.  Rivers are modeled as storage volumes, based 
on river length and width, and depth above downstream control elevation.  The river flow 
process simulates the influence of rivers on water levels in adjacent cells.  Groundwater flow is 
simulated by solving for water level in a finite difference approximation of 2-dimensional, 
transient, subsurface flow equations that represent the local unconfined aquifer.  The overland 
flow simulates the surface water movement between cells.  Manning’s equation is used to 
estimate the resistance for overland flow processes.  An alternating-direction explicit finite 
difference method is used to solve for overland flow equations. 
 
The watershed is discretized into grid cells of 2 x 2 miles in size.  The spatial properties required 
to simulate the hydrologic processes in each cell include mainly vegetation/landscape type, 
surface elevation, and aquifer properties.  Rivers are represented in river cells as linear segments. 
Cell vegetation is based on the Natural Landscape Position coverage.  The dominant 
landscape/vegetation types were forested wetlands (mainly pine flatwoods) and wet prairie, 
which occupied 59% and 35% of the pre-drained watershed, respectively.  These landscape types 
are identified in the remaining natural Everglades, and thus their model input parameters are 
imported directly from the Everglades NSM model and the calibrated and verified South Florida 
Water Management Model (SFWMD, 1998), from which the NSM model was derived.   The 
NSM modeling results were further verified by comparing with long-term measured flow data 
obtained from the Peace River basin located in the southwest coast of Florida. The natural 
portion of the basin has similar landscape/vegetation types with the natural SLE watershed.  The 
monitoring data were normalized with the watershed area for comparison with the NSM 
modeling results.  
 
The Reservoir Optimization Model: An optimization model based on genetic algorithms 
(OPTI) was developed to meet the multiple criteria involved in sizing and operating storage 
reservoirs, which are major components of the restoration solution (Labadie, 1997).  The OPTI 
model establishes operational rules for a reservoir in an environment of conflicting operational 
demands.  The model simultaneously tries to 1) achieve the target distribution of flows to the 
estuary, 2) supply water from the reservoir to meet all Floridan irrigation demands, and 3) 
minimize reservoir size.  The objective function incorporating these three requirements is 
expressed as: 
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where Pc = the probability of mean monthly watershed inflow to SLE of a discrete range, 

represented by class c, based on flow frequency analysis under a given operational 
rule; 

 Tc = the probability of the providing target mean monthly watershed inflow to the SLE 
within the same discrete range represented by class c; 

 Pi = the probability of failing to meet the irrigation demand associated with storage 
option i in any year;  
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 α = the acceptable risk level, which is typically the 1-in-10 year drought in the SLE 
watershed (a failing year is defined as a year when the number of days that the 
irrigation demands are not satisfied exceeds a given threshold of days per year); 

 WCc = a user defined penalty weighing factor that provides a subjective rating of the 
relative importance of meeting the target for each frequency class c;  

 WIi = a user defined penalty factor for ranking the importance of meeting irrigation 
demands by direct diversions from each storage option i; 

 WSi = a user defined penalty factor intended to discourage excessive allocation of each 
storage option i; 

 Si,max = the maximum storage capacity actually used in storage option i as computed from 
hydrologic simulation of the system.  

 
The relative importance of minimizing reservoir size versus satisfying the other objectives is 
dictated by the weighing factor WSi assigned by the user.  A genetic algorithm program (Carroll, 
1996) was used to minimize the objective function and generate operational rules.  The micro-
genetic algorithm option is coded in the model to allow for generations of small population sizes 
and improvement of computation efficiency.  
 
Although the objective function as shown in Eq. [1] is set up to calculate monthly flow 
frequency distribution, the OPTI model is embedded with a reservoir routing model, which 
tracks the water budget in the reservoir on a daily basis.  The user defines the maximum reservoir 
size, seepage from the reservoir, and the reservoir type (in-stream or off-line).  Model output 
includes optimal operational rules, required storage capacity for each basin, daily inflow to the 
estuary, daily irrigation allocation, and daily storage and release from each of the storage 
options. 
 
The Estuary Salinity Model: To simulate the influence of watershed freshwater inflow on 
estuarine salinity, a two-dimensional hydrodynamic/salinity model (RMA-2, 4) was developed 
for the SLE/IRL (Hu, 1999).  RMA-2 computes water surface elevation and horizontal flow 
velocity for subcritical, free-surface flow by solving the Reynolds form of the Navier-Stokes 
equation in a 2 dimensional flow field.  RMA-4 simulates the depth-averaged salinity through 
the advection-diffusion processes in an aquatic environment.  The RMA model was calibrated 
using a wide range of flow conditions with flow, elevation, and salinity data collected throughout 
the estuary.   
 
Freshwater input from the watershed is one of the most important factors influencing the salinity 
change in the estuary.  The RMA model was applied to various freshwater inflow conditions to 
establish a relationship between the freshwater inflows and estuarine salinity.  Thirty three model 
simulations were conducted with eleven freshwater inflows ranging from 300 to 10,000 cfs and a 
repeating series of monthly tidal boundary conditions.  The dynamic equilibrium simulations 
were used to develop a utility salinity model to allow for long-term simulation of daily average 
salinity during the 31-year simulation period.  This utility model considers the salinity transition 
time as a means to account for salinity change on a daily time step.  The predicted salinity agrees 
well with measured salinity data on a daily averaged basis. 
 

 5



The Oyster Salinity Stress Model: The American oyster was selected as a valued ecosystem 
component for evaluation of the influence of watershed hydrology on estuarine ecosystem 
health.  An oyster salinity stress model was developed based on available literature data that 
relate oyster mortality to salinity changes.  The literature search was conducted by Woodward-
Clyde (1996) under a contract with SFWMD.  The model calculates oyster stress based on a 
hyperbolic cosine function of daily salinity and is expressed as: 
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Where OSI = Annual oyster stress index  
 Ad = Temperature-related seasonal oyster susceptibility factor (0.66 from November to 

February and 1.00 from March to October) 
 K = Scaling factor (15.38) 
 T = Threshold salinity above which no stress occurs (12 ppt) 
 sd = Daily salinity (ppt) 
 
Based on the OSI value, the oyster stress level is divided into four categories: No stress (<300), 
Stress (300-160,000), Harm (160,000- 2,500,000) and Death (>2,500,000).   The index value was 
used as a performance measure to evaluate the effectiveness of the project on estuarine 
ecosystem restoration.   
 

MODEL INTEGRATION AND RESTORATION PLAN DEVELOPMENT 
 
The modeling results were used in an integrated manner to aid in the formulation of the 
restoration plan.  Development of the plan involved establishing the hydrologic restoration 
target, optimizing storage reservoirs to achieve the target, and developing numerical performance 
measures to evaluate the restoration plan. 
 
Hydrologic Restoration Target: Establishing the restoration target requires an understanding of 
the relationships among the watershed hydrology, estuarine salinity, and the health of salinity 
sensitive biota.  Previous biological research conducted by SFWMD (e.g., Haunert and 
Startzman, 1985) established that a mesohaline environment is critical to the health of salinity- 
sensitive biota including oysters, submerged aquatic vegetation, and juvenile and marine fish and 
shellfish.  It was further observed that the mesohaline ecosystem is affected by the monthly 
freshwater inflow into the estuary due to the transition time required for salinity to reach an 
equilibrium condition. The RMA salinity modeling results indicate that once the watershed 
inflow exceeds 2000 to 3000 cfs, salinity in the upper estuary is dominated by the freshwater 
input.  The salinity in the area can be close to zero even during high tide conditions.  The 
combination of biological understanding of the ecosystem and RMA salinity model application 
led to the development of the “salinity envelope” concept, which defines a favorable range of 
watershed monthly inflows for salinity sensitive biota.  In the SLE, this favorable range is from 
350 to 2000 cfs for juvenile marine fish and shellfish, oysters, and submerged aquatic vegetation.   
 
The next step in establishing the target is to determine the acceptable violations of this range that 
can occur and still sustain the estuary ecosystem.  It is considered that the acceptable violations 
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are confined by the temporal and spatial hydrologic variability of the pre-drained watershed.  
This concept is supported by other efforts that have been undertaken to restore freshwater 
riverine ecosystems (Richter et el., 1997).  Comparative hydrologic simulations of the historic 
“pre-drained” watershed and the present developed watershed provided the basis for this 
determination.  The natural watershed was dominated by wetlands and had an ill-defined 
drainage network (Figure 2).  The NSM modeling results showed a lack of drainage and high 
levels of evapotranspiration in the western portion of the watershed.  Annual average flow into 
the SLE was about 11.3 inches and surface water moved slowly from west to east.  The North 
Fork drained two thirds of the watershed and the South Fork (Tidal St. Lucie) drained only one 
third.   Hydroperiods in the natural watershed ranged from about 4 to 11 months.  
  

South Fork 

North Fork 

 
 

Figure 2  The pre-drained St. Lucie Estuary watershed.  The Green Ridge  
diverted most of the flow to the north. 
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The modeling results also showed that watershed development has resulted in an increase in 
average annual inflow into the estuary by about 45% with a loss of about 3 inches or 125,000 ac-
ft of water storage. Figure 3 demonstrates that the increase in total flow is accompanied by 
extremely high flow events under the developed condition.  Due to the construction of drainage 
canals, only about 25% of the stormwater is drained to the estuary through the North Fork.  In 
contrast, flow into the middle of the estuary has increased from 3% to 25%.  The adverse salinity 
impact caused by this hydrologic change is used as the basis to justify flow diversion back to the 
North Fork to partially restore historic flow patterns.  
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Figure 3.  Comparison of daily flows between the 1995 Base conditions 
and the Pre-drained conditions 

 
 
The monthly flow frequency distributions for the pre-drained and developed watersheds as well 
as the Peace River basin are presented in Figure 4.  The similarities of the distribution curve 
between the NSM modeled SLE watershed and the monitored Peace River basin provide support 
for the NSM modeling results.  Compared with the 1995 base condition, the pre-drained 
watershed had substantially lower probability of high flows as supported by the time series plot 
of Figure 3.  The NSM model also showed that lower flow rates entered the estuary during dry 
periods, suggesting that the estuary may not require flow augmentation during dry periods and, 
consequently, that irrigation demands do not directly compete with environmental demands from 
the estuary.  This observation also supports the contention that hydrologic restoration should 
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focus on reducing the high flows.  Figure 4 displays the restoration target monthly flow 
distribution as defined by the NSM modeling results with the emphasis placed on the high flow 
ranges. 
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Figure 4. Flow distributions into St Lucie Estuary: 

1995 Base conditions and the pre-drained conditions 
 
 
Reservoir Optimization and Plan Development: To achieve the targeted monthly flow 
frequency distribution, large storage reservoirs were optimized using the OPTI model.  As 
described in Eq. [1], the primary objective of the reservoirs is to reduce peak flows.  The 
secondary benefit is to help meet a portion of the agricultural irrigation demands that are 
currently satisfied by using water from the Floridan aquifer during the dry season.   
 
To track the water budget in the reservoir, the OPTI model requires reading the daily basin flows 
simulated by the HSPF model and daily Floridan irrigation demands obtained from the AFSIRS 
model as the input files.  Thus, the modeling results of NSM, HSPF and AFSIRS were integrated 
in the OPTI modeling process. In assigning penalty weighing factors for monthly flow ranges, 
highest penalties are assigned to flows outside the favorable range (350-2000 cfs), in particular 
high flows above 2000 cfs.  The genetic algorithm in the OPTI model automatically generates 
reservoir operational rules for each storage option and for each of the two seasons representing 
the wet and dry periods in a year.  The operating rule defines the amount of release from the 
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reservoir as a function of the storage plus the watershed inflow and minus the irrigation output 
for the current day (Figure 5).  For each of the operational rules tested, the OPTI model removes 
water from, and/or releases water to, the basin flow and generates a new set of flow frequency 
distributions to compare with the target one.  Thus, for a 31-year simulation period and five 
storage options in the SLE watershed, the model simulates several thousand combinations of 
operational rules, eventually providing an optimal solution.  Figure 5 shows the optimal 
operation rules for selected storage reservoirs. 
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Figure 5. Operational rules for selected reservoirs 
 
 
During the development of the restoration plan, five alternatives with varying acreage of 
wetlands to be restored were tested.  It is recognized that restoration of drained wetlands has the 
benefit of large water storage capacity and thus smaller reservoirs can be used to achieve the 
flow distribution target.  The year 2050 was used to represent the future watershed condition.  
The projected landuse in 2050 was used for modeling watershed hydrology with HSPF and 
irrigation demands and supplies with AFSIRS.  For each of the alternative HSPF and AFSIRS 
simulations, the OPTI model was applied to establish new flow frequency distributions and 
reservoir configurations.  The selected alternative consisted of four off-line water storage 
reservoirs that will provide 122,000 acre-feet of storage.  Construction of these features includes 
water control structures, pumps, levees, canals and the acquisition of approximately 12,200 acres 
of land located in the watershed.  These reservoirs, along with about 90,000 acres of re-hydrated 
wetlands and flow diversion from C-23/C-24 to the North Fork and the South Fork, create a 
resemblance, in both space and time, to the natural flow frequency distribution.  Figure 6 
demonstrates how the target monthly flow frequency distribution will be achieved by the 
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selected restoration plan.  Note that the selected alternative outperforms the NSM monthly flow 
distribution (i.e., has fewer occurrence of these events) during the extremely low and high flow 
periods (less than 350 cfs or larger than 3000 cfs). 
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Figure 6. Benefit of storage reservoirs on flow distributions to the St. Lucie Estuary 
 
 
Oyster Stress Index: The oyster stress index is used as the ultimate numerical performance 
measure to evaluate the restoration plan.  This index links the watershed hydrology and estuarine 
salinity with the ecosystem health.  The daily watershed inflows into the estuary for the pre-
drained condition, 1995 base condition, and the restored condition were used to drive the utility 
salinity model.  The obtained 31-year daily salinity was used to calculate the oyster stress index 
using the oyster stress model.  The number of years when oyster salinity stress occurred at each 
oyster stress level during the 31-year simulation period is showed in Table 1.  Considerably more 
oyster stress occurs under the current watershed condition, particularly with regulatory releases 
from Lake Okeechobee, than under the pre-drained condition.  In 2050, Lake Okeechobee 
releases will be minimal and the restored watershed hydrology will provide a similar salinity 
environment for oyster growth as the pre-drained condition.  Note that the oyster stress model is 
based on daily salinity data, which in turn is related to daily watershed flow.  The application of 
daily flow data thus supports the approach of using the monthly flow frequency distribution as 
the watershed hydrology restoration target.  
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Table 1.  Years that different levels of oyster stress occurred during the 31-year simulation 
period (1965 - 1995) under the pre-drained, 1995 base, and the project conditions   

Oyster Stress Level  Model 
Scenarios No stress Stress Harm Death 

1995 Base: No Lake Okeechobee release  9 8 9 5 
1995 Base: With Lake Okeechobee release  9 8 4 10 
The pre-drained condition (NSM hydrology) 14 12 3 2 
The project condition (Restored hydrology) 13 13 3 2 
 
 
 

CONCLUSIONS AND ADAPTIVE ASSESSMENT  
 
The SLE/IRL ecosystem restoration plan has been developed based on the integration of a suite 
of models to simulate watershed hydrology, reservoir optimization, estuary salinity and oyster 
stress. The NSM model was critical for establishing the hydrologic restoration target and 
justifying flow transfers between basins. The OPTI model coupled with HSPF was the key to 
provide solutions to achieve the restoration target.  The estuary salinity model and the oyster 
stress model confirmed that the restoration plan has the full capacity to restore and protect the 
mesohaline ecosystem in the SLE/IRL.    
 
In spite of the apparent success of such a massive modeling effort, it is realized that uncertainties 
are involved with these models, particularly the NSM model, which can not be verified with 
today’s hydrologic data.  An adaptive assessment process, which involves iterative use of 
models, monitoring, and research, is employed in conjunction with plan implementation to 
revise, improve, and fine-tune the restoration plan.  Two models are currently under development 
as tools for adaptive assessment for SLE/IRL restoration.  These include a distributed watershed 
hydrology and water quality model and a 3-dimensional estuarine hydrodynamic/salinity and 
water quality model.  
 
The watershed hydrology and water quality model has a cell-based representation of watershed 
where hydrology and water quality is modeled with HSPF.  The infiltrated water is routed to a 
groundwater model that represents the surficial aquifer of the SLE watershed.  The overland flow 
and drainage water are routed to a drainage system model that is governed by a full dynamic, 
depth- and width-averaged, shallow water wave equation.  The drainage network model has the 
capacity to simulate bi-directional flow, branches, and common flow structures.  Key watershed 
restoration elements such as operation of storage reservoirs and stormwater treatment areas, 
interbasin transfers, landuse change, irrigation demand and supplies, and implementation of Best 
Management Practices are embedded in the model. An Arcview Graphic User Interface is 
designed to support the implementation of these watershed restoration practices.  
 
The Environmental Fluid Dynamic Code (EFDC) is used to set up the 3-dimensional estuarine 
hydrodynamic/salinity and water quality model for the SLE.  The model is being calibrated using 
approximately 20 monitoring stations located in the SLE/IRL.  The watershed model and estuary 
model will be conjunctively used to re-evaluate the SLE/IRL restoration plan during the adaptive 
assessment process.  One of the planned model applications is to refine the current design of the 
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reservoir and stormwater treatment area systems to ensure that the estuarine salinity and water 
quality will be improved to the planned target.  
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RUNOFF CURVE NUMBER METHOD: EXAMINATION  
OF THE INITIAL ABSTRACTION RATIO 

   
Richard H.  Hawkins, Professor, University of Arizona, Tucson 85721*; Ruiyun Jiang,  
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Hydrologist (retired), USDA, NRCS, Washington DC 20013; Allen T. Hjelmfelt, Jr., USDA, 
ARS, Columbia, Missouri, 65203; J.E.VanMullem, USDA, NRCS, (retired) Bozeman, 
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Abstract:  The Initial Abstraction ratio (Ia/S, or λ) in the Curve Number (CN) method was 
assumed in its original development to have a value of 0.20. Using event rainfall-runoff data 
from several hundred plots this assumption is investigated, and λ values determined by two 
different methods. Results indicate a λ value of about 0.05 gives a better fit to the data and would 
be more appropriate for use in runoff calculations. The effects of this change are shown in terms 
of calculated runoff depth and hydrograph peaks, CN definition, and in soil moisture accounting. 
The effect of using λ=0.05 in place of the customary 0.20 is felt mainly in calculations that 
involve either lower rainfall depths or lower CNs. 
 

INTRODUCTION 
 
Originally developed by the Soil Conservation Service (SCS, now Natural Resources 
Conservation Service or NRCS) in the 1950s for internal use, the Curve Number method for 
estimating direct runoff from rainstorms is now widely used in engineering design, post- event 
appraisals, and environmental impact estimation. Background for this is found in the NRCS 
document National Engineering a Handbook, Section 4, “Hydrology”, or “NEH-4”  (SCS, 1985).    
The general runoff equation is 
  
 Q = (P-Ia)2/(P-Ia+S)   for P ≥Ia   (1a) 
            Q = 0      for P ≤ Ia   (1b) 

Where Q is the direct runoff depth, P is the event rainfall depth, Ia is an “initial abstraction” or 
event rainfall required for the initiation of runoff, and S is a site storage index defined as the 
maximum possible difference between P and Q as P→∞.  P- Ia is also called “effective rainfall”, 
or Pe. 
 
All have units of length, and the equation is dimensionally homogeneous.  The storage index S, 
which has the limiting values of 0 and ∞, is transformed to the more intuitive “Curve Number” 
by the equation CN=1000/(10+S), where S is in inches.  CN, which is dimensionless, may take 
values from 0 to 100, is an index of the land condition as indicated by soils, cover, land use, and 
(perhaps) prior rainfall. 
 
Though the developmental history and documentation is obscure, the relationship between Ia and 
S was fixed at Ia = 0.2S. Inserting that value into equation 1 gives  
 
*School of Renewable Natural Resources, University of Arizona. Tucson AZ. 85721. 
Telephone: 520-621-7273, email: rhawkins@ag.arizona.edu. 
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Q = (P-0.2S)2/(P+0.8S)  P≥0.2S    (2a) 

 Q = 0      P≤0.2S    (2b) 
 
The goal here is to examine the data-supported values of the Ia/S ratio, called λ (“lambda”), and 
suggest accommodations for updating its role. 
 

METHODS 
 
Two techniques, Event Analysis and Model Fitting, were used for determining Ia/S from field 
data sets. These are described in the following: 
 
Event Analysis. Here, concurrent synchronized break-point records of both rainfall and runoff 
depth are required.  The event rainfall depth recorded when the direct runoff hydrograph begins 
is taken as Ia. Knowing the total event rainfall P and the direct runoff Q, equation 1a is solved 
for S, and the ratio simply taken Ia/S=λ.  Here each event gives a separate value of λ, and the 
median for a large number of events is taken as the representative watershed value. This 
procedure is portrayed in the Figure 1. 

Pe = P - Ia
Q = Pe2/(Pe+S)
S = Pe2/Q - Pe
CN = 1000/(10+S)
λ = Ia/S
All  Pe > 1 inch
Using median λ value
as the watershed λ

Ia

Pe

Q

P

In/hr

Time

 Figure 1 Event Analysis Method  
 

General Model Fitting: Here the value of λ is simply determined by iterative least squares 
procedure fitting for both λ and S of the general equation.   
 

Q = (P-λS)2/(P+(1-λ)S)  for P≥λS   (3a) 
            Q = 0     for P≤λS   (3b) 
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The objective of the fitting is to find the values of λ and S such that 
 
 Σ{Q - [(P-λS)2/(P+(1-λ)S)]}2      (4) 
 
is a minimum. Here each P:Q data set gives only one value of λ. An illustration of such fitting is 
given in Figure 2.  
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Figure2: Model Fitting by least squares for WS26030 located at Coshocton, OH with a drainage 
area of 303 acres. For the natural data (squares): S = 4.0974 inches, CN = 70.8, λ = 0.0179, R2 = 
50.50%, and SE = 0.32 inch. For the ordered data (triangles): S = 2.0943 inches, CN = 82.6, λ = 
0.1364, R2 = 99.17%, and SE = 0.0372 inches. 
 
In each of the above two methods, only “larger” storms were used.  This was done to avoid the 
biasing effects of small storms towards high Curve Numbers.  With Event Analysis, only events 
with Pe = P-λS ≥1 inch were used.  With Model Fitting, only events with P ≥1 inch were used. 
As shall be seen, found values of Ia were often quite small, so that this difference between the 
two techniques was slight. For statistical analysis, only watersheds with more than 20 events 
with P ≥ 1 inch or Pe ≥ 1 inch were used. 
 
In addition, for the model fitting determinations, both “natural” and “ordered” data sets were 
used. Natural data pairs the P and Q as they naturally occurred in time, and thus displays 
considerable variety in runoff with rainfall.  Ordered data matches (usually) unnatural rank-
ordered P and Q values, so that each has approximately the same return period.  This is in 
keeping with a major application of the method, which in design work at least - matches the 
frequency of the rainfall with the frequency of the runoff. For example, the 100-year rainfall is 
assumed to produce the 100-year runoff. 
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DATA SETS 

 
Rainfall-runoff data from 307 watersheds or plots were used, originating from USDA-
Agricultural Research Service, US Forest Service, US Geological Survey, and New Mexico State 
University.  It covered 23 states, mainly in the east, midwest, and south of the United State. 
There was no data from the northwestern 1/3 of the country, from roughly California to 
Minnesota. A total of 28,301 events were available that met the rainfall depth (P and Pe) criteria. 
For event analysis, only ARS data was applicable, insofar as it alone contained the needed 
detailed in-storm break-point information. All others were only rainfall and runoff depths P and 
Q.   This is summarized in Table 1. 
 

Table 1. Data sets and sources 
----------------------------------------------------------------------------------------- 
Data source        # Watersheds (w)   Method used 

     or plots (p) 
----------------------------------------------------------------------------------------- 
ARS    134 (w) Event Analysis, Model Fitting 
USLE (ARS)   137 (p)   Model Fitting 
USFS       26 (w)   Model Fitting 
Jornada (NMSU)      6 (p)   Model Fitting 
USGS        4 (w)  Model Fitting 
----------------------------------------------------------------------------------------- 

These 307 watersheds all had 20 or more events which met the storm size criteria. The ARS data 
is available from Web site” ftp://hydrolab.arsusda.gov/pub/arswater/. The “USLE” plot data had 
been used in the development of the Universal Soil Loss Equation, and was downloaded from the 
web site: http://topsoil.nserl.purdue.edu/usle/. Forest Service data was in large part supplied in 
reduced form to the author (RHH) by Dr J.D. Hewlett of the University of Georgia, who used it 
in an earlier paper (Hewlett, et al., 1977; Hewlett and Fortson, 1984).  The Jornada plot data, 
from site north of Las Cruces NM, was supplied by Dr T.J. Ward, now at the University of New 
Mexico. It is described in Hawkins and Ward (1998). The USGS data was supplied from local 
sources for a number of urban and urbanizing watersheds in the Tucson area.  
 

RESULTS 
 
In general, the results showed that λ is not a constant from storm to storm, or watershed to 
watershed, and that the assumption of λ=0.20 is unusually high.  
 
Event Analysis: Found Ia/S ratios varied greatly between storms within watersheds, and also 
between the 134 watersheds. An example of the array of λ found for events in a single watershed 
is given in Figure 3.  For each watershed the median λ was used to describe λ.  These median 
values also varied, and their distribution is shown in Figure 4.  The general findings are included 
in Table 2.    Values of the found (median) λ varied  
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from 0.0005 to 0.4910, with a median of 0.0476.  There was a distinct negative skew, or a crowd 
of smaller values. Over 90% were less than 0.2. 
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Figure 3: An example of the array of λ found by event analysis for watershed 26030  
 
 

Figure 4  Cumulative frequency distribution of λ values from Event Analysis method  
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Table 2. Summary results of λ value for ARS watersheds (n = 134) 

 Event Analysis Model Fitting(natural) Model Fiting(ordered) 
Min 0.0005 0.0000 0.000 

Median 0.0476 0.0001 0.0736 

Mean 0.0701 0.0555 0.1491 

Max 0.4910 0.5766 0.9682 

STDV 0.0812 0.0983 0.2001 

Skewness 2.5899 2.8364 1.8725 

% ≤0.20 93.7 93.3 72 

 
Model Fitting. As described previously, both natural and ordered data sets were fitted to the 
general runoff equation by least squares to determine Ia and S.  Results were more varied than 
with Event Analysis, although this may be explained with the much larger sample size (N=307).  
For natural data, the λ range was from 0 to 0.996, with a median of 0, and for ordered data, the λ 
range was form 0 to 0.9793 with a median of 0.0618. A summary of these results is given in 
Table 3. Figure 5 shows the distribution of findings. 
 
Table  3. Summary Results of  λ values from model fitting  

  Natural Data Ordered Data 
 N Total 

Event 
Max Mean Median Min Max Mean Median Min 

ARS 134 12499 0.5766 0.0555 0.0001 0 0.9682 0.1491 0.0736 0 

USLE 137 11140 0.996 0.0997 0 0 0.9266 0.1581 0.061 0 

Others 36 4392 0.4727 0.04 0 0 0.9793 0.0992 0.0044 0 

Total 307 28031 0.996 0.0734 0 0 0.9793 0.1472 0.0618 0 

 
 

APPLICATIONS 
 
From the above results, it is obvious that a more appropriate “rounded” value of Ia/S would be in 
the vicinity of 0.05. Using this value the runoff equation is adjusted, for which a new set of CNs 
based on λ=0.05 must be determined 
  
Runoff equation: Using Ia/S=0.05 the runoff equation becomes 
 
  Q = (P-0.05S)2/(P+0.95S)   P≥0.05S  (5a) 
 Q = 0      P≤0.05S  (5b) 
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However, the S values in the above equation are not the same as previously used assuming 
Ia/S=0.20.  They are defined on a system of Ia/S=λ=0.05. 
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Figure 5 The distribution of λ values from different data sets 
 
Equivalent CN: Based on the above experiences with λ the data was fitted by least squares to 
the CN equation for each case: that is, for λ = 0.05 and for the traditional value of λ = 0.20. The 
latter is the basis for existing CN Tables.  In 252 of the 307 cases (approximately 5 out of 6) the 
0.05 fitting produced a higher r2 and lower SE.  
 
The relationships found between the values of S0.05 and S0.20 were, for natural and ordered data 
respectively: 
 
 S0.05=1.344S 0.20 1.149   r2=99.38%   (6) 

S0.05=1.316S 0.20 1.164   r2=99.44%   (7) 
 
Rounded consensus values of these two almost-identical findings condense to  
 
 S0.05=1.33S0.20

1.15       (8) 
 

Preserving the basic definition of CN = 1000/(10+S), the above relationship permits conversion 
from the 0.20-based CNs to 0.05-based CNs. Making the substitutions and simplifying gives 
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                                             100    
 CN0.05 =   ------------------------------------    (9) 
                             1.879[100/CN0.20 –1]1.15  + 1 
 
Consideration of equation 8 shows that S0.05=S0.20 at 0.148 inch, or CN0.20≈98.5.  They are also 
equal at S=0, or CN=100. At these seldom-encountered levels we suggest they be considered 
equal.  Table 4 gives the CN0.05 corresponding to current values of CN0.20, taken from equation 9, 
or “Conjugate” Curve Numbers 
 

Table 4.  Conjugate Curve Numbers and Pcrit 
--------------------------------------------------------------------- 
 CN0.20           S0.20(in)       CN0.05             S0.05(in)       Pcrit (in) 

--------------------------------------------------------------------- 
                 100.00    0.000   100.00     0.000    ----- 
                  95.00    0.526    94.02     0.636     2.44 

90.00    1.111    86.95     1.501     1.72 
85.00    1.765    79.64     2.556     1.95 
80.00    2.500    72.39     3.815     2.27 
75.00    3.333    65.31     5.311     2.63 
70.00    4.286    58.51     7.091     3.05 
65.00    5.385    52.03     9.219     4.51 
60.00    6.667    45.90    11.785     4.04 
55.00    8.182    40.14    14.915     4.64 
50.00   10.000    34.74    18.787     5.35 
45.00   12.222    29.71    23.663     6.15 
40.00   15.000    25.03    29.947   7.13 

                  35.00   18.571    20.71    38.285     8.35 
30.00   23.333    16.73    49.777     9.92 
25.00   30.000    13.08    66.457    12.02 
20.00   40.000     9.75    92.517    15.04 
15.00   56.667     6.75   138.095    19.81 
10.00   90.000     4.08   235.088    ----- 

                   5.00  190.000     1.77   555.160    ----- 
----------------------------------------------- 

 
 
Comparisons: How does the modification of Ia/S affect calculated values of runoff?   First, by 
equating the runoff equations using 0.05 and 0.20 and making the transformation of CNs using  
equations 8 or 9, the rainfall depth corresponding to equal runoffs for conjugate CNs can be 
determined.  This rainfall is shown as Pcrit in Table 4.  There is no closed solution:  Pcrit was 
determined numerically.  For P greater than Pcrit use of Ia/S=0.2 will result in higher calculated 
runoffs. For lesser P values, a higher runoff  will be found using Ia/S=0.05.    
 
Second: Figure 6 shows rainfall-runoff plots over a range of rainfalls and conjugate CN values.  
Pcrit is the locus of the crossing points.  As can be seen, the conjugate curves are similar at a wide 
range of frequently-encountered values of P and CN.  However, as shown in Figure 7 relative 
differences are substantially different in cases of lower rainfalls and lower CNs.  
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Third, in modeling hydrographs similar differences are seen.  An example is shown in Figures 8 
and 9.  Similar hydrographs, peaks, and timing result for the higher CNs, but distinct differences 
are shown with the lower CN.  Figure 9 shows highlights the differences for the CN0.20=50 
example. Using λ=0.05 calculates a smaller Ia, giving direct runoff earlier in the event. Here this 
leads to a peak about 60% increase in peak flow.    
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  Figure 8.  Comparative hydrographs for conjugate CNs . 
  
This low CN-small storm scenario will be important in small storms and lower CNs.  This 
situation characterizes forested watersheds, especially area of modest return period storms depths 
(e.g., large portions of the interior west). This condition would also prevail in continuous 
modeling scheme, which consider all rainfalls – usually on a daily basis – regardless of size. 
Differences also exist at higher rainfall extremes, but have not been evaluated here. The major 
effect seems to be at lower CNs at lower rainfalls, or in general at low P/S situations.  
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CONCLUSIONS 

 
Ia/S: As determined by two separate methods, Ia/S (or λ) of 0.05 fits observed rainfall-runoff 
data much better than does the handbook value of 0.20. 
 
Runoff Equation: With λ=0.05, the runoff equation becomes 
 

 Q =  (P-0.05S0.05)2/(P+0.95S0.05)  P ≥ 0.05S0.05 
 Q = 0     P ≤ 0.05S0.05 

 
Change of CN: Altering λ requires a change of handbook CNs.  That is, if λ is changed, 
 a different CN must be used. The relationship is  
 

S0.05 = 1.33S0.20
1.15 

 
(where S is in inches) relates the two conditions. It was determined from data from 307 
watersheds. New handbook CN tables for λ=Ia/S=0.05 might be constructed using this 
relationship. 
 
Differences:   The most obvious differences in runoff modeling are at lower CNs and lower 
rainfalls, or in general at low P/S situations.  This would prevail for low CN watersheds, more 
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frequently occurring rainstorm depths, and for climates where the more modest design return 
period rainfalls are found. 
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Abstract:  The behavior of rainfall-runoff systems in terms of the Curve Number method is 
described, including findings that have become apparent and/or appreciated since the original 
development in the mid-1950s; not all of which are shown in current versions of the primary 
reference, NEH-4.  These include the following:  different modes of application of the method; 
basic general patterns of rainfall-runoff at variance with the CN equation; sensitivity 
information; the basic intractability of the method with infiltration-based systems; limitations in 
the role of prior rainfall; difficulties in the hydrologic descriptions of soils; CN variation with 
season and land use; and wide spread application to continuous models as a soil moisture 
budgeting device. 
 

INTRODUCTION 
 
The Natural Resources Conservation Service (NRCS) and the Agricultural Research Service 
(ARS), both agencies of the U.S. Department of Agriculture formed a joint work group in 1990 
to assess the state of the Curve Number method and to chart it’s future development.  The need 
for the work group resulted from questions and concerns about the method, its unique role in 
applied hydrology, and how it was being used and the recognition of the need to provide 
guidance for reanalysis and clarification of the procedure (Woodward 1991).  A number of goals 
and objectives were developed including:  reevaluating the procedure, improving the 
documentation, updating the primary reference document (NEH-4), developing a data base, 
standardizing the procedure for developing curve numbers from data, etc.   
 
It became apparent that much of the difficulty surrounding the procedure was attributable to the 
presentation in the National Engineering Handbook (NEH-4).  Thus an early task was to rewrite 
those portions of the NEH-4 pertaining to the procedure.  Problems identified ranged from 
incorrect and misleading statements to incomplete documentation.  For example it was 
incorrectly stated that S includes Ia, whereas it can be easily shown mathematically that S does 
not include Ia.  Fortunately this is only significant for continuous simulation.  Another example 
was Table 4-1 that related 5-day antecedent rainfall to antecedent moisture condition (AMC) for 
a local situation.  This was not intended to have nationwide application, though it was widely 
treated as such.  Several “Folklore” beliefs concerning Curve Numbers could also be attributed 
to problems with documentation.  An example of such is that the Curve Number Runoff 
Equation is an infiltration equation. 
 
In rewriting the Curve Number portions of NEH-4, the work group agreed that they must agree 
with concepts expressed, references will be included and the result must be technically 
defensible.  The results of the updating include such items as: 

mailto:jvanmullem@in-tch.com


1) Reference to Antecedent Moisture Condition (AMC) was removed and the terminology 
changed to Antecedent Runoff Condition (ARC).  Variability of the curve numbers and 
event runoff is incorporated by considering the curve number as a random variable and the 
ARC-I and ARC-III conditions as bounds on the distribution.  

2) Reiteration of desirability of locally determined curve numbers was made.  Although this 
was part of the original documentation in NEH-4, local calibration has been seldom pursued. 

3) Explicit expression of Curve Number runoff equation was made as a transformation of 
rainfall frequency distribution to runoff frequency distribution.  This too was demonstrated 
in the original documentation.  

4) Expression of ARC-I and ARC-III as measures of dispersion about the central tendency 
(ARC II).  This is a corollary of treating the CN as a random variable.   

5) Mathematical proof and demonstration that S does not include Ia.     
6) The chapters are posted on the World Wide Web as approved. 

http://www.wcc.nrcs.usda.gov/water/quality/wst.html 
 
As the work progressed several other areas of need became evident. These were 1) to reconsider 
the hydrologic soils classifications recognizing the vastly expanded database available today and 
the capabilities of modern computers, 2) to reevaluate the use of Ia = 0.2S, and 3) to reconsider 
the tables of curve numbers in terms of the expanded rainfall-runoff database available 
(Agricultural Research Service 1995). There was also considerable concern about the possibility 
of regional and seasonal variation of curve numbers (Hjelmfelt et al 2001).   
 

ORDERED PAIRS AND ASYMPTOTES 
 
One of the goals of the work group was to standardize the procedure for calculating a curve 
number for a watershed from rainfall-runoff data.  The accepted handbook method was to plot 
the annual series of rainfall-runoff on a scatter diagram and select the curve number that best fit 
the data. This method doesn’t make use of the many storms that were not the largest annual 
events. 
 
The runoff curve number equation is often used to transform a rainfall frequency distribution into 
a runoff frequency distribution.  That is, for example, the 100-year rainfall is used to determine 
the 100-year runoff, etc.  This practice, called frequency matching leads to the idea of ordered 
pairs (Hjelmfelt 1980).  Hawkins (1993) followed this idea by sorting the rainfall and runoff 
depths separately and re-aligning them on a rank order basis creating new sets of rainfall-runoff 
pairs.  These might be thought of as having equal return periods with the individual runoffs not 
necessarily associated with the original causative rainfall. 
 
Using all the storms in the data set, Hawkins then calculated the curve number for each of the 
ordered pairs and plotted them against rainfall.  Curve number was found to vary with storm 
depth, but  - for most cases – approaches a constant value at higher rainfalls. The curves that 
result from these plots were then fitted with asymptotic equations to approach this constant CN.  
The limiting CN that is approached as rainfall approaches infinity is taken as the best fit curve 
number for the watershed.  The procedure is best illustrated by the figures in the following 
section. 
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This method of determining a watershed curve number has the advantage of being mathematical 
and therefore programmable.  The results are mostly influenced by the largest events, which is in 
keeping with the usual intended applications, but all of the data is used.  Additionally, the 
decrease in scatter results in illustrative graphics which are descriptive of the watershed behavior 
and therefore a valuable tool for analysis.  This method appears to give results consistent with 
the present procedures and CN tables  in NEH-4.  The curve number work group has adopted this 
procedure to determine curve numbers from local data in the future. 
 

BEHAVIOR OF RAINFALL-RUNOFF SYSTEMS 
 
The plots described above show several types of CN “behavior”.  These have been defined by 
Hawkins (1993) as Complacent, Standard and Violent.  The Standard behavior fits the curve 
number model best; the Violent less so, and the Complacent not at all.   
 
Standard behavior is the most common scenario.  The observed CN declines with increasing 
storm size and then approaches a near constant value with increasingly larger storms.  An 
example of this behavior is shown in Figure 1.  About 70% of all watersheds evaluated showed 
this pattern (Hawkins, 1993).  The process of computing CN for small events biases the CN 
toward high values.  This is because CN can be computed only if direct runoff occurs.  If the 
event CN is low, and the event initial abstraction (Ia) is high, no runoff occurs and CN cannot be 
computed.  Only high CNs can be detected with low rainfalls.   The plot of CN vs. rainfall 
displays this bias and the storm magnitude at which the bias becomes insignificant. 
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Figure 1.  Standard behavior. The asymptotic CN for this example is about 68. 
 
Complacent behavior is defined when the observed CN declines with increasing rainfall and 
there is no appreciable tendency to achieve a stable value.  Curve numbers cannot be safely 
determined from data that exhibit this pattern.  The behavior indicates a partial source area 
situation where the source area fraction may be quite small.  An example of this behavior is 
shown in Figure 2.  There is no easy way of telling if and at what rainfall that the source area or 
the curve number may change or violent behavior may occur. 

 3



 West Donaldson, Malheur NF, Oregon
1979-1984 

40

50

60

70

80

90

100

0.0 0.6 1.2 1.8 2.4 3.0

Rainfall - Inches

R
un

of
f C

ur
ve

 N
um

be

 
Figure 2.  Complacent Behavior. No constant CN is determined for this data. 
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Figure 3.  Violent Behavior. The asymptotic CN for this example is about 93. 
 
Violent behavior is seen where the observed CN rises suddenly and asymptotically approaches 
an apparent constant value.  This is often accompanied by complacent behavior at lower 
rainfalls.  From a source process standpoint, this could be a threshold process at some critical 
rainfall depth value.  At rainfall above the threshold a high fraction of the rainfall becomes 
runoff.  An example of Violent behavior is shown in Figure 3.   For this example the threshold 
rainfall is about 0.80 inches. 
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MODES OF APPLICATION OF THE CN METHOD 
 
The work group recognized three distinctly different modes of application for curve numbers:  1) 
Determination of runoff volume of a given return period, given total event rainfall for that return 
period.  2) Determine the direct runoff for individual events.  This acknowledges the variation 
between events and is the basis for the development.  3) Process models, an inferred application 
as an infiltration model, or a soil moisture-CN relationship, or as a source area distribution. 
 
The first application, already discussed, is the most widely used in engineering and uses the 
curve number to transform the rainfall frequency distribution into a runoff frequency 
distribution.  It was the reason for the development of the model.  The runoff volume that is 
computed is often overlooked and the peak discharge, which is more frequently the desired 
value, calculated with a unit hydrograph model and used directly.  
 
The second application, runoff from individual rainfall events, is the basis for the original 
development, the P vs. Q plots which led to the curve number concept.  There is a wide variation 
of runoff from rainfalls of the same magnitude which forces us to acknowledge that CN varies 
between storms for a side range of reasons.  The original handbook – developed in large part for 
conditions in the humid east, south, and mid-west - designated  “Antecedent Moisture 
Condition” or AMC as the most significant variable in explaining this.  Average condition 
moisture was called AMC II and applied to the curve number when flooding occurs.  Dry 
conditions (AMC I) applied to the low curve number, and wet conditions (AMC III) applied to 
the high curve number.  This condition is most often determined by prior rainfall since soil 
moisture conditions are not frequently monitored.   
 
The work group studied the effect of soil moisture on curve number by looking at infiltrometer 
studies (Van Mullem 1992).  Four studies with 162 data pairs on 86 different soils from across 
the U.S. were used.  Although average CN increased from 9% to 40% between the studies from 
the initial (dry to average condition) test to the wet condition test, no significant relationship was 
found between soil moisture and CN.  The study indicated that the difference in CN that might 
be related to soil moisture is much less than the variation between ARC I and ARC III.  
Similarly, Hawkins and Cate (1998) showed for 25 agricultural watersheds that 5-day prior 
rainfall (AMC5) was the only consistent factor in explaining deviations from the central trend of 
runoff, but in only in 11 of the 25 cases studied, and at levels far below handbook expectations. 
 
Because prior rainfall explains only part of the variation of CN the terminology has been 
changed to “Antecedent Runoff Condition” or ARC.  More importantly, the ARC I and ARC III 
conditions have been shown to be the bounds on the distribution of CN.  Figure 4 shows the 
ARC I, II, and III curve numbers plotted on a rainfall-runoff scatter diagram.  Figure 5 shows 
that the ARC I is the 10% exceedance and ARC III is the 90% exceedance for a number of 
agricultural watersheds (Hjelmfelt et al 1981). 
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Figure 5.  The 10% and 90% exceedance values compared to the ARC I and ARC III curve 
numbers. 
 
It might be inferred that the curve number model is an infiltration model because in its 
application it is used to determine runoff incrementally over the duration of the storm for input 
into a unit hydrograph model.  With this use it becomes a surrogate for an infiltration model and 
this has created much confusion.  The model doesn’t behave like most infiltration 
models/equations because the CN losses don’t always decline with time or with prior rainfall but 
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may increase when the rain intensity increases (Hawkins 1980).  The CN model behavior in this 
regard is the same as from a partial area saturation model.  Also the ultimate steady state rate is 
zero, it does not approach a steady-state non-zero infiltration rate with time, as do (say) the 
Horton or Green-Ampt Equations. There doesn’t seem to be any consensus as to whether this is 
the way watershed losses occur. However, the model performs as originally intended, i.e., as an 
integrator of all the losses from all processes over the watershed.  It should be emphasized that 
the CN model is not a point infiltration model and the difference between rainfall and runoff is 
better defined as watershed “losses.”  Watershed indices – such as the curve number – are 
lumped expressions of net basin performance. 
 
It is also sometimes inferred that the parameter S, defined as the potential maximum retention, is 
a physical property of the site like a soil moisture storage parameter, and the water in it can be 
accounted for.  This is has not been shown with any certainty.  The parameter S (or CN) is a 
model variable and is only a constant for a particular storm.  Although it is related to soil and 
cover characteristics, it is not an identifiable physical property. 
 

HYDROLOGIC SOIL GROUPS 
 
There has been a vast increase in basic soils property data since Musgrave first proposed the 
concept of hydrologic soil groups in Handbook of Agriculture (USDA 1955).  The data is now 
available in an electronic database.  Modern tools of data mining were explored for analysis of 
this mass of data.  Both neural networks and fuzzy sets were tried with fuzzy sets being adopted.  
Soil Hydrologic Groups are assigned to soil series and phase of series by soil scientists based 
upon their interpretation of the published criteria.  The soil scientist’s interpretation of the 
published criteria has varied across time and between states or regions.  Thus, the hydrologic 
group criteria are not applied consistently across the United States.  This is most evident in the 
comparison of soils with similar soil hydrologic and physical properties and dissimilar 
hydrologic group placement. 
 
The Hydrologic Soil Groups are A, B, C, D, and dual groups A/D, B/D and C/D.  Soils in 
hydrologic group A have low runoff potential.  Soils that have a moderate rate of infiltration 
when thoroughly wet are in hydrologic group B.   Hydrologic group C soils that have a slow rate 
of infiltration rate when thoroughly wet.  Soils in hydrologic group D have a high runoff 
potential.  Dual Hydrologic Soil Groups (A/D, B/D, and C/D) are given for certain wet soils that 
could be adequately drained.  The first letter applies to the drained and the second to the 
undrained condition.  Soils are assigned to dual groups if the shallow depth to a permanent water 
table is the sole criteria for assigning a soil to hydrologic group D. 
 
A model or rule based automated system that provides for objective placement of soils into 
Hydrologic Soil Groups was developed.  The fuzzy system model for assigning soils to 
hydrologic soil groups is based on the published hydrologic group assumptions and criteria.  The 
soil surface is taken to be bare and the soil is not permanently frozen.  The soil physical and 
hydrologic characteristic which make up the hydrologic grouping criteria are the depth to 
permanent water, depth to a restrictive layer, minimum saturated hydraulic conductivity in the 
soil’s upper 100 cm, and the soil’s texture. 
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The model was applied to 1828 unique soils using data from Kansas, South Dakota, Missouri, 
Iowa, Wyoming, and Colorado and the correlation between these soils’ assigned and modeled 
hydrologic grouping was analyzed.  Table1 shows a detailed comparison by Hydrologic Soil 
Group between the currently assigned HSG and the modeled HSG.  The correlation between the 
assigned and modeled HSG A and HSG D soils is higher than the correlation between the 
assigned and modeled HSG B and HSG C soils.  There are several reasons for the poorer 
correlation between the assigned and modeled groups B and C.  The first is that of the boundary 
condition that occurs when a soil has properties that do not fit entirely into a single hydrologic 
group.  In this case, the soil scientist may have placed the soil into one HSG while the model 
placed the soil into an adjacent group.  Groups B and C are the most prone to this error because  
they are bounded by two groups whereas HSG A and D are only bounded by one group.  
Another source of correlation inconsistency is that the assigned HSG may be relatively correct 
but the data in the database may not support the corresponding HSG determination by the model.  
Finally, correlation inconsistencies can be attributed to the fuzzy modeling of the subjective 
Hydrologic Soil Group criteria (Hjelmfelt et al 2001). 
 
CURRENT NUMBER FUZZY HSG ASSIGNMENT FREQUENCY

HSG OF SOILS A B C D A/D B/D C/D
A 155 0.903 0.077 0 0.013 0.006 0 0
B 821 0.248 0.543 0.174 0.024 0.006 0.002 0.001
C 405 0.04 0.247 0.343 0.309 0.002 0.025 0.035
D 404 0.017 0.05 0.054 0.636 0.057 0.104 0.082
A/D 1 0 0 0 0 0 1 0
B/D 29 0.103 0.069 0.069 0 0.103 0.552 0.103
C/D 13 0 0.077 0.077 0.385 0 0.308 0.153  
 
TABLE 1:  Correlation frequency between assigned and fuzzy modeled Hydrologic Soil Group 
 

VARIATION OF CN WITH SEASON AND LAND USE 
 
Curve Numbers were derived from rainfall-runoff data for 15 distinct land uses on 177 small 
watersheds in the United States (Rietz and Hawkins 2000).  Curve Numbers for each land use on 
each watershed were calculated using the asymptotic method and evaluated at the local, regional 
and national scale.  Significant differences at the 5% level were found between the CNs of 
almost all of the different land uses tested.  Significant differences in CN were also found on 
grazed and ungrazed paired watersheds, and on watersheds that had undergone land use 
conversions. 
 
The general magnitudes and rank order of the average land use CNs were in general agreement 
with expected handbook values.  Meadows almost always produced the lowest CN at both the 
local and regional level.  Forestland produced the lowest overall average CN at the national 
level, but also displayed the largest variability.  No significant differences could be determined 
between curve numbers for pasture and rangeland at the regional scale or between row crops and 
small grain at any scale.  Where comparable, pastures usually had higher CNs than meadows.  
None of these comparisons considered hydrologic soil group or any other soil parameter. 
 
Seasonal variation of CN has also been noted.  It is seen more readily in the more humid settings, 
and is rare in arid and semi-arid watersheds.  Where evident it follows a pattern with higher CNs 
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in the dormant season when the ground has less cover and is likely to be wetter, and lower CNs 
during the summer when the ground is dryer and vegetation is in a high growth stage.  Also, the 
seasonal variation in forest curve numbers may be associated with the leafing stages (Price, 
1998). 
 

APPLICATION TO CONTINUOUS MODELS 
 
The curve number is used in hydrologic models to divide rainfall into storm runoff and 
associated losses.  The losses are then added to the soil moisture budget in the model.  Rainfall 
for most of these models is on a daily time-step.  Poor results are often obtained because most 
storms are small, and the CN model does not work well for small events, forcing the model user 
to increase CN or to devise some other scheme to increase runoff at certain times of the year.  
Most of these models use the soil moisture budget as an index to vary the CN between ARC I 
and III.  As previously stated the soil moisture should be used to explain only part of this 
variation. 
 
Most models assume that ARC I is equivalent to wilting point and ARC III is equivalent to field 
capacity of the soil.  This allows the CN for ARC II to be converted to appropriate daily CN.  
There generally is some procedure for frozen ground and snow melt in each model.  However the 
basic CN technology was not developed for these conditions. 
  

SENSITIVITY 
 
Over a wide range of rainfall depths, the direct runoff Q calculated by the equation is more 
sensitive to Curve Number than to rainfall depth P. (Hawkins, 1975).  This is especially true 
close to the threshold of runoff.  Similarly, hydrograph peaks modeled using CN-derived 
sequential pulses of rainfall excess are also usually more sensitive to CN than rainfall depth.  
(Bondelid et al, 1982) The supporting data situation contrasts this order of importance: rainfall is 
widely measured, studied, analyzed, and reported, but ground truth for Curve Numbers is rare. 
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ABSTRACT:  The Curve Number method of estimating rainfall excess from rainfall depth is 
widely used in applied hydrology.  Its development is given in an historical perspective, 
outlining the basic hydrologic assumptions, intended applications, original databases and the 
acknowledged limitations.  Current usage is in three distinct non-congruent modes.  The Curve 
Number’s peculiar role in general hydrology is discussed and some cautions are given.  Current 
handbook updating activities are discussed. 
 

HISTORICAL BACKGROUND 
 
History:  In 1933 the Soil Erosion Service (SES) was established and charged with setting up 
demonstration conservation projects and overseeing the design and construction of soil and 
conservation measures.  The Soil Conservation Act of 1935 changed the name of the agency to 
Soil Conservation Service (SCS).  SCS realized that there was a need to obtain hydrologic data 
and to establish a simple procedure for estimating rates of runoff. 
 
With the passage of the Flood Control Act of 1936 (Public Law 74-738), the Department of 
Agriculture was authorized to carry out surveys and investigations of watersheds to install 
measures for retarding runoff and water flow and preventing soil erosion.  The first effort was to 
obtain infiltration rates at many locations.  The conservation effort in the 1920s and 1930s was a 
scientific effort, yet hydrology for agricultural areas was an emerging science.  The SCS became 
the Natural Resources Conservation Service (NRCS) in 1994. 
 
Infiltrometer Studies: To meet the perceived need for additional data, SCS made thousands of 
infiltrometer runs during the 1930s and 1940s.  These infiltrometer runs were made at the 
demonstration area and experimental sites.  SCS and other agencies made these runs.  Most of 
the runs were made with the sprinkling–type of infiltrometers.  It was felt that sprinkler 
infiltrometers did the best job of simulating the impact of rainfall on both infiltration and erosion.  
The type F infiltrometer provided the most satisfactory results (Sharp et al 1940).  There had 
been some discussion about the number and location of infiltrometer runs within a watershed 
required to define its hydrologic characteristics. 
 
The SCS hired three private consultants, W.W. Horner, R. E. Horton and L. K Sherman, to assist 
in the development of a rational method of estimating the runoff from a given plot of land under 
various conditions.  The result of their studies was a series of rainfall retention curves that could 
be used with precipitation-excess and time-of-excess curves to obtain the volume of runoff from 

 1

mailto:dew7718@erols.com


any given land unit.  This method had limited use because it required use of a recording rain 
gage.  There were very few recording rain gages in agricultural areas during the 1940s. 
 
There were other methods of estimating runoff devised in the early 1940s, all of which used 
infiltration data in the procedures.  Andrews (1954) grouped infiltrometer data from Texas, 
Oklahoma, Arkansas and Louisiana and found that soil texture class was the only consistent 
characteristic within each group.  Andrews developed a graphical procedure for estimating direct 
runoff for a combination of soil texture, type and amount of cover, and conservation practices.  
He referred to this as a soil-cover complex.  This method generally required a stream gage to 
calibrate the infiltrometer rates with recorded runoff volumes.  It is interesting to note that the 
term soil-cover complex still survives as part of the curve number terminology. 
 
Hydrologic Soil Classification:  In 1955 G.W. Musgrave described a hydrologic classification 
of soils depending on their infiltration rate.  It grouped all soils into four basic groups depending 
on the minimum infiltration capacity, and based on laboratory tests and soil texture.  The four 
groups were A, B, C, and D, with sands in group A, and clays in group D.  Presently, about 
14,000 soils have been so classified in the United States.  This hydrologic classification system is 
a major component of the runoff Curve Number system for classification of hydrologic sites. 
 
Rainfall-Runoff Relationships: L.K. Sherman in 1949, again proposed plotting direct runoff 
versus storm runoff.  Mockus (1949) building on this idea suggested that surface runoff could be 
estimated from collection of factors: soil type, areal extent, and location, land use, areal extent, 
and location, antecedent rainfall, duration and depth of a storm, average annual temperature and 
date of storm. 
 
A b value was used as the second independent variable (P being the primary independent 
variable) in a graph of P versus Q in which  
 

Q = P {1-(10)-bP}                                                                                       (1) 
 

Where Q is direct runoff in inches and P is the storm rainfall in inches.  Mockus (1949) 
combined parameters to solve value b from the equation: 
 

b = 0.0374(10)0.229MC1.061/T1.990D1.333(10)2.271(S/D)                                       (2) 
 
where M is the 5-day antecedent rainfall in inches; C is the cover practice index; T is the 
seasonal index, which is a function of date and temperature (° F); D is the duration of storm in 
hours: and S is a soil index in inches per hour.  It follows that the “b” in equation 1 is related to 
storm and watershed characteristics.  Thus it was possible to estimated Q for any storm on any 
watershed when these characteristics and the storm depth are known (Mockus 1949).  It appears 
that the runoff equation was developed first and Mockus did additional work to regionalize the 
value b.  Some limitations on equation 1 and 2 were recognized.  Mockus (1949) summarized the 
results of testing equations 1 and 2 as follows:  “Better results were obtained for large storms 
than for small storms, for short storms than long storms, and for mixed-cover rather than single-
cover watersheds.  Breaking long storms into parts containing the more intense periods and  
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Figure 1. Rainfall and runoff example 
 
adding the computed Q values improved the estimates for long storms.  There was difficulty in 
defining amounts and durations of storms for large watersheds.”  The surviving documentation 
does not give any indication of the watersheds used, goodness-of-fit for equation 1 or values of 
the indices required.  Equation 1 is valid only up to the point of 0≤dQ/dP≤1.  The upper limit 
occurs when P=1/[bln(10)] 
 

SCS RUNOFF EQUATIONS 
 
Background:  With the passage of the Small Watershed Act, PL-566, it was apparent that SCS 
needed a uniform procedure that could be applied nationwide and based on available data.  The 
available models of Sherman and others (1949) were for gaged watersheds.  Most of SCS work 
dealt with ungaged watersheds.  The rainfall-runoff relations developed by Mockus (1949) and 
Andrews (1954) are somewhat generalized and it was not necessary to have stream gage in the 
watershed.  The relationship could be easily developed for an ungaged watershed, and equation 1 
might have been applied to ungaged watersheds except for the heavy toll of coefficients and 
indexes required and limits of the applications. 
 
Their work, however, was the basis for the generalized SCS runoff equation, which can be  
expressed as follows: when the accumulated natural runoff is plotted versus accumulated natural 
rainfall, runoff starts after some rainfall has accumulated and the line of relation curves and 
becomes asymptotic to a 1:1 line.  An example of this is given in Figure 1. 
 
Derivation:  After considering the general relationship in equation 2,  Mockus suggested that a 
more general relationship could be developed based on the following hypothesis 
 
   F/S = Q/P                                                                     (3) 
 
Where F = actual rainfall retention during a storm. S = potential maximum retention at the start 
of the storm,  Q = direct runoff , and P = total rainfall or potential maximum runoff.  It should be 
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noted that the ratios are true as limits when P →0 , Q/P = F/S, and as P →∞, Q/P ≈ F/S → 1.  
Also, it should be noted that the ratio carries a strong parallel to the constant in the rational 
equation. 
 
Early versions of the runoff equation did not contain an initial abstraction term Ia, which 
represents interception, surface storage, and infiltration that occurred before runoff begins.  This 
term was added later, changing equation 3 to 
 
  F/S = Q/Pa                                                                                 (4) 
 
Where Pa is rainfall after runoff begins (P-Ia).  Equation 4 approaches the same limits as 
equation 3.  In equation 3, substituting P-Q for F and solving for Q produces 
 
  Q = P2/(P + S)                                                                     (5) 
 
And, substituting P – Ia for P yields 
 
  Q = (P –Ia)2/(P-Ia) +S                                                                  (6) 
 
Mockus developed a relationship between Ia and S to reduce the number of variables in equation 
6.  The field data at that time indicated that  
 
  Ia = 0.2 S                                                                                      (7) 
 
Which when substituting for Ia into equation 6 results in the standard equation 
 
  Q = (P-0.2S)2/(P + 0.8S)   P≥ 0.2S                                                (8) 
  Q = 0                                 P≤ 0.2S                                                (9) 
 
Equation 8 has an advantage over many others that have been proposed.  It is easier to use 
because it requires only one parameter (S) related to watershed characteristics.  S is related to 
Curve Number by the relationship 

  CN = 1000/(10 + S)                (10) 
 
where S is in inches. Mockus (1964) described the significance and limitation S using equation 
5.  Plotting of direct runoff (Q) versus storm rainfall (P) for watersheds showed that Q 
approaches P as P accumulated.  S is that constant and is the maximum difference of (P-Q) that 
can occur for the given storm and watershed conditions.   
 
Rallison (1980) indicted that either the rate of infiltration at the soil surface or the amount of 
water storage available in the soil profile limits S; whichever gives the smaller S value.  Since 
watershed infiltration rates at the soil surface are influenced strongly by rainfall impact, they are 
strongly affected by the rainfall intensity.  However, since no information on intensity is 
normally available, it was not included.  Also, there was no general relationship between rainfall 
amounts and intensities. 
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Development of Curve Numbers:  CN for particular combinations of soil and cover 
characteristics (soil-cover complex) were developed by plotting largest annual storm runoff and 
associated rainfall for a watershed having one soil and one cover.  Laid over this plot was a 
graph of CN array constructed at the same scale.  The median CN was selected, dividing the 
plotting into two equal numbers of points.  (See Figure 1)  When more than one site with the 
same soil-cover complex was examined, the median CN were averaged.  Curve Numbers were 
developed for many soil-cover complexes and are published in the NRCS National Engineering 
Handbook Section 4 Hydrology (NEH-4). (1986) 
 
Mockus (1964) explained the rationale used to develop individual CN: “The CN associated with 
the soil-cover complexes are median values, roughly representing the average conditions on a 
watershed.  We took the average conditions to mean average soil moisture conditions when flood 
occurs because we had to ignore rainfall intensity.”  The natural scatter of points was used to 
estimate upper and lower enveloping CN that were related to above or below average 5-day 
antecedent rainfall.  Recent review of the available documentation has indicated that the concept 
of 5-day antecedent rainfall to explain the variation in the individual CN was based on the idea 
that it was an easily obtained variable and only partially explained the variation.  Many 
parameters, including 5-day antecedent rainfall, stage of crop growth, soil moisture, and 
interception, explain the variation in the individual curve number for a watershed with storms.   
 
In justifying the development of the runoff equation Mockus (1964) wrote:  
 

1. “The runoff equation is based on the hypothesis expressed by equation 3.  We justify 
(equation 3) on the grounds that it produces rainfall-runoff curves of a type found on 
natural watersheds.” 

2. “Other equations will also produce rainfall-runoff curves like those from equation 3, 
but these other equations have three or more parameters to be determined in advance, 
and this is difficult to do with ordinarily obtainable data.” 

3. “Actually, the CNs have been verified experimentally since they are based on data 
from research watersheds where the experiment was to determine the runoff for 
different soil and cover conditions.” 

4. “The particular CN used by SCS is not the only one that can be developed for use 
with equation 4.  By using other storm or watershed characteristics, other kinds of CN 
can be obtained.  The practical value of the results will depend on how well the 
chosen characteristics can be represented by the data ordinarily at hand.  We could 
have gone on to develop a very complicated set of CN, but they would have been 
unusable.” 

5. “The research watersheds from which data were used are located in various parts of 
the United States, so our CN applies throughout the country.” 

 
As shown in Table 1, most of the watersheds are in humid rain-fed agricultural areas.(Rallison 
1980).  The CN would logically work in these areas. 
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State Town State  Town 
Arizona Safford New Mexico Albuquerque 
Arkansas Bentonville New Mexico Mexican Springs 
California  Santa Paula New York Bath 
California Watsonville Ohio Coshocton 
Colorado Colorado Springs Ohio Hamilton 
Georgia Americus Oklahoma Muskogee 
Idaho Emmett Oregon Newberg 
Illinois Edwardville Texas Garland 
Maryland Hagerstown Texas Vega 
Montana Culbertson Texas Waco 
Nebraska Hastings Virginia Dansville 
New Jersey Freehold Wisconsin Fenimore 
Table 1  Research watersheds used in the analysis that produced the CN array 
 
The original data and plots from the watersheds listed in Table 1 have been lost over time.  The 
Agricultural Research Service (ARS) Water Data Center does not have a large portion of the data 
in electronic format, which allows reproduction of the original graph as earlier described. 
 
Limits of Application: Mockus (1964) noted several characteristics of the proposed equation 
that limited the types of problems for which it should be used.  The equation does not contain 
any expression for time.  It is for estimating runoff from single storms.  In practice, the amount 
of daily rainfalls is often used: total runoff from storms of great duration is calculated as the sum 
of daily increments.  For a continuous storm, one with no breaks in the rainfall, equation 8 can be 
used to calculate the accumulated runoff.  For a discontinuous storm, which has intervals of no 
rain, there is some recovery of infiltration rates during the intervals.  If the period does not 
exceed an hour or so, it can be ignored and the estimate will be reasonably accurate.  When the 
rainless periods are over an hour, a new, higher CN is usually selected on the basis of the change 
in antecedent moisture. 
 
The initial abstraction term Ia consists of interception, initial infiltration, surface storage, and 
other factors.  The relationship between Ia and S was determined on the basis of data from both 
large and small watersheds.  Further refinement of Ia is possible, but was not recommended 
because under typical field conditions very little is known of the magnitudes of interception, 
infiltration and surface storage. 
 
Discussing the limits of application of the SCS runoff procedures, Kent (1966) indicates: 
 

“The procedures are primarily for establishing safe limits in design, and for comparing 
the effectiveness of alternative systems of measures within a watershed project.  They are 
not used to recreate specific features of an actual storm. 
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The SCS engineer is usually confronted with making as estimate of runoff in a watershed 
where soils, vegetation, and other characteristics affecting runoff have not been evaluated 
experimentally. 
  
Equation 8 was developed for conditions usually encountered in small watersheds in 
which daily rainfall and watershed data are ordinarily available.  It was developed from 
data and for situations where total amount of one or more storms occurring in a calendar 
day is known without knowing their distribution with respect to time.” 
 

Cowan (1957) summarizes the reasons why time was not incorporated: 
 

“Time was not incorporated in the method for estimating runoff for two important, 
practical reasons.  First, sufficient reliable data were not available to define curves of 
infiltration capacity versus time for wide range in soil, land use, and cover conditions. 
 
Second, if time had been incorporated in the method, it would have required a 
determination of the time distribution of rainfall in storms for which runoff was to be 
estimated.  In a majority of cases, rainfall records on watersheds with which we deal do 
not permit reliable determination of the time distribution of individual storms.” 

 
There is some indication that Mockus selected the CN approach as the best way to determine the 
watershed loss.  Considering this concept, the CN becomes a way to integrate the losses in a 
watershed depending on the conditions in the watershed.  It is also recognized that CN procedure 
becomes a standard method for estimating watershed loss given a set of watershed conditions. 
 
Three CN values for the upper and lower enveloping values as well as the median, are published 
in NEH-4 (1986) for many soil-cover complexes, but NEH-4 does not provide guidance for 
selecting other CN values throughout the expected range.  If users keep in mind how these points 
were established, it will be apparent that attempts to rigidly define some relationships for 
interpolating values along the range may not be meaningful (Rallison and Miller 1981). 
 
In the development of the NEH-4 CN tables from limited sets of specific land use and soil type, 
CN translation between the different hydrologic soil groups was generalized with a graphical 
relationship developed by Mockus called the “Curve Number Aligner”.  The chart is not in NEH-
4, but can be found at www.wcc.nrcs.usda.gov/water/quality/common/techpapers/curve.html  and is 
represented by the following equations (Rallison ,1978, and Enderlin and Markowitz, 1962) 
 

CN(A) = -60.8  +  1.6083*CN(B)      (11) 
CN(B) =                             CN(B)      (12) 
CN(C) =  34.0  +  0.6600*CN(B)      (13) 
CN(D) =  47.2  +  0.5283*CN(B)      (14) 

 
For example, if woods in poor condition for a soil group B has a CN of 66, and then woods in 
poor conditions in a soil group C would have a CN of 78.  Thus, if the CN for one hydrologic 
soil group is know the CN for there other hydrologic soil group could be determined.  There is 
some documentation indicating that Mockus developed the Curve Number aligner before 1959. 
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Modes of Current Usage: There are three distinctly different modes of application for CN:  
1) Determination of runoff volume of a given return period, given total event rainfall for that 
return period.  This is perhaps its most common routine application; 2) Determine the direct 
runoff for individual events.  This acknowledges the variation between events and is the basis for 
the development and the ARC bands; 3) In process models, an inferred application as an 
infiltration model, a soil moisture-CN relationship, or as a basis for source area distribution. 
 
Current Handbook Activities: An ARS/SCS work group was established in 1990 to assess the 
state of the CN procedure.  Work group tasks included revisions of chapters in NEH-4 dealing 
with CN and estimating runoff, and detection of seasonal and regional CN variation.  The 
progress of this effort is shown in the Table 2. 
 

Chapter Title Status 
4 Storm Rainfall Depth Printed 
5 Stream Flow Data Printed 
6 Stream Reaches and Hydrologic Units Printed 
7 Hydrologic Soil Groups Printed 
8 Land Use and Treatment Classes Printed 
9 Hydrologic Soil-Cover Complexes Revised 
10 Estimation of Direct Runoff from Storm Rainfall Revised 

Table 2: Status of rainfall – runoff chapters in NEH-4 
 
The entire NEH-4 is found on the internet at  http://www.wcc.nrcs.usda.gov/water/quality/wst.html.  
Both revised and original chapters are given. 
 

CONCERNS 
 
Various investigators have expressed concern that the CN procedure does not reproduce 
measured runoff from specific events.  It should be remembered that the CN procedure was 
developed as a design methodology or a method to evaluate the downstream impacts of various 
management alternatives.  Antecedent Runoff Conditions (ARC) is recognized as the average 
watershed conditions when floods occur.  The variation in ARC from event to event may explain 
why specific events are not always reproduced. 
 
The CN procedure does not work well in karst topography areas.  This is because a large portion 
of the flow is subsurface rather than direct runoff.  In general the CN method seems to work the 
best in agricultural watersheds, next best for range lands and the worst for forested watersheds.  
(Hawkins 1984) 
 
The sparseness of rainfall-runoff data in urban or urbanizing areas forced the development of 
reliance on interpretive values.  There has been some data and it has generally indicated that the 
present values are in the right magnitude. 
 
It must be noted that the CN procedure was developed to estimate runoff volume from rainfall 
volume.  Thus it does not include the development of the triangular hydrograph, which was 
developed independently from different data sets. 
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CONCLUSIONS 

 
The CN method of estimating runoff volumes from rainfall is simple and easy to use.  It was 
developed from a great deal of unpublished data.  It works well for a wide range of agricultural 
soil cover complexes.  While the procedure is mature and documentation is limited, it is being 
used in a wide range of design conditions by the practicing engineers and hydrologists.  There is 
nothing on the horizon that has the same attributes and will provide the same level of 
consistency.  There are articles that indicate the method does work and the procedure has been 
incorporated into a wide range of single event and continuous computer models worldwide. 
 
There appears to be no regional variation in CN for the same cover type.  However, the lack of 
data may be influencing this conclusion.  There appears to be seasonal variation in certain 
forested CN, which may reflect either seasonal moisture or leafing stages in hardwood. (Price 
1998).   
 
As a watershed loss model it has no rival in the field of design models. 
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Abstract:  The U.S. Geological Survey and the U.S. Bureau of Reclamation are collaborating on 
a long-term program, the Watershed and River Systems Management Program.  The goals are (1) 
to couple watershed and river-reach models that simulate runoff and streamflow with river and 
reservoir-management models that account for water availability and use, and (2) to apply the 
coupled models to U.S. Bureau of Reclamation projects in the western United States.   
 
 The program has been applied to the U.S. Bureau of Reclamation’s Yakima Project in central 
Washington, to aid in the management and allocation of water resources for irrigation and 
instream flows.  The coupling of watershed and river-reach models constructed with the U.S. 
Geological Survey’s Modular Modeling System (MMS) and a river and reservoir-management 
model (Riverware) is made with a common hydrologic database (HDB). MMS is an integrated 
software system that provides a framework to combine the appropriate process algorithms or 
modules into a custom model  to simulate a variety of water, energy, and biogeochemical 
processes.  Riverware is an interactive object-oriented model that can be operated at daily-to-
monthly time steps to manage water resources.  
 
An assessment of forecasts of runoff volumes for the runoff season for water years 1956 through 
2001 showed the variability of forecast accuracy that can be expected with forecasts of the 
runoff season made at weekly intervals from January through March.  Comparisons of the 50-
percent exceedance probability forecasts of runoff volumes with estimates of unregulated runoff 
volumes from observed runoff showed large variability in the accuracy of forecasts made early 
in the year and decreasing variances with forecasts made later in the year.  A bias to over- or 
under-forecast runoff volumes was similar to the bias found during the calibration of the 
watershed models.  Exceedance-probability forecasts that most closely predicted actual 
unregulated runoff showed a non-uniform distribution.  Some sites are more likely to correctly 
forecast runoff volumes with forecasts that are less than the 50-percent exceedance probability 
forecast, while others are more likely to correctly forecast runoff volumes with forecasts that are 
more than the 50-percent exceedance-probability forecast.   
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INTRODUCTION 

 

The U.S. Geological Survey (USGS) and the Bureau of Reclamation (USBR) are working 
collaboratively on a long-term project called the Watershed and River Systems Management 
Program (WARSMP).  The goals are to (1) couple watershed and river-reach models that 
simulate the physical hydrology with routing and reservoir management models that account for 
water availability and use, and (2) apply them to USBR projects in the western United States.   

The key to coupling these models is linking them through a common database, termed the 
hydrologic database (HDB) for WARSMP, in a decision support system (DSS). Output from one 
model can be written to the HDB for use as input to another model.  The HDB also links 
ancillary tools such as a geographical information system (GIS), statistical analysis, and data 
query and display capabilities (fig. 1). The coupling, interaction, and other capabilities in the 
DSS allow for improved assessments of long-term planning and policy decisions, in addition to 
the major program thrust of improving short-term and mid-term operations of USBR projects.  

 

Figure 1.  Schematic of the Decision Support System (DSS), with the Hydologic Database (HDB) in the center and 
its coupling with ancillary tools and models. 
 
One USBR project is in the Yakima Basin, located in eastern Washington (fig. 2), where water-
management relies on the accuracy of forecasts of unregulated streamflow to determine the 
available water supply for irrigation and instream flows.  These forecasts are made in late winter 
and spring in order to plan for possible water supply deficits and reservoir operations.  A series 
of runoff forecasts was made at weekly intervals at the five major reservoirs operated by the 
USBR and an important streamflow gaging site,Yakima River near Parker with the watershed 
models contructed for the Yakima Basin.  The forecasts were compared with unregulated runoff 
calculated from measured flow and reservoir storage to assess (1) how the variability of runoff 
forecasts changes during the season, (2) how representative the 50-percent exceedance-
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probability forecast is of observed-unregulated runoff, and (3) which exceedance-probab
runoff forecasts match the observed-unregulated runoff.  The variability, accuracy, and 
representativeness of the forecasts are addressed in this paper.  

ility 

Figure 2.  Yakima River study basin. 

THE YAKIMA RIVER BASIN 

he Yakima River Basin has a drainage area of about 6,200 square miles (mi2) and produces a 

, 

The headwaters are on the humid east slope of the Cascade Range, where the mean annual 
precipitation is more than 100 inches.  The basin ends at the confluence of the Yakima and 

 

 
T
mean annual unregulated runoff of about 5,600 cubic feet per second (ft3/s) (about 4,055,000 
acre-feet, or 12.3 inches) and a regulated runoff of about 3,600 ft3/s (about 2,606,000 acre-feet
or 7.9 inches) that accounts for irrigation diversions and return flows.  There are eight major 
rivers and numerous smaller streams associated with the Yakima River. 
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Columbia Rivers in the low-lying, arid part of the basin, which receives about 6 inches of 
precipitation per year.  Most of the precipitation falls during the winter in the form of snow 
the mountains.  The mean annual precipitation over the entire basin is about 27 inches (abo
12,000 ft3/s, or 8.7 million acre-feet).  The spatial pattern of precipitation resembles the pattern
of the basin's highly variable topography, which ranges in altitudes from 400 to nearly 8,000 
feet. 

Agric

in 
ut 

 

ulture is the principal economic activity in the basin.  The average annual surface-water 
demand is about 2,500,000 acre-feet.  Most of the demand is for irrigation of about 500,000 

-
, 

 

 low-flow 

ccumulation usually begins in late October or November and ends by April.  Snowmelt 
supplies runoff during the runoff season (herein referring to the period April 1 through July 31) 

 

 
imates 

now 

acres in the low-lying semiarid to arid parts of the basin that for the most part is met by surface
water diversions.  This demand is partially met by storage in five USBR reservoirs (Bumping
Cle Elum, Kachess, Keechelus, and Rim Rock Lakes, fig. 1) that can store 1,065,000 acre-feet.  
The major management point, where flows are closely monitored for instream flow limits and 
forecasted to determine the total water supply available for upcoming irrigation seasons, is at the
Yakima River near Parker streamflow gaging site just south of the city of Yakima.  
Approximately 45 percent of the water diverted for irrigation is eventually returned to the river 
system as both surface water and ground water, but at varying time-lags.  During the
period, these return flows account for approximately 75 percent of the water in the lower river 
basin. 

Snow a

to fill reservoirs and to meet irrigation demands.  The highest monthly runoff occurs during this
season and immediately follows the melting of the snowpack (fig. 3).  The volume of the runoff 
for the runoff season is closely related to the April 1 volume of the snowpack.  Obtaining 
forecasts of runoff volumes prior to the runoff season are critical to water-management 
operators, who must estimate the total water supply available to meet demands and fill the
reservoirs while leaving some storage capacity for flood control.  By March or April, est
of the volume of the snowpack can be made with reasonable accuracy because most of the s
for the season will have fallen.  Before that time, however, estimates of the snowpack can vary 
significantly, as do the estimates of total runoff.  In addition, in below-average-runoff years, the 
quantity of precipitation for April through June is very important. 
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Figure 3. Mean monthly snow-water equivalent and discharge, 1983 to 2001, for selected sites in the Yakima River 
Basin, Washington. 
 

CONSTRUCTION AND OPERATION OF THE YAKIMA WATERSHED MODELS 
 

The USGS Modular Modeling System (MMS) is being used for the watershed-modeling 
component of this study.  MMS is an integrated system of computer software developed to 
provide a framework for the development and application of numerical models to simulate a 
variety of water, energy, and biogeochemical processes (Leavesley and others, 1996).   

A digital elevation model composed of 208 by 208-foot square (about 1 acre) grid cells was used 
to delineate the Yakima River Basin and the subbasins to be modeled or analyzed.  Fifty-nine 
subbasins were defined on the bases of locations of streamflow gages, outlets of ungaged 
watersheds, and USBR water-management points. 

Four watershed models for calculating unregulated streamflow were constructed for fifty-one of 
the fifty-nine subbasins.  All of these subbasins are non-agricultural (fig. 4).  The subbasins were 
selected because they account for about 90 percent of the streamflow in the Yakima Basin, 
contain the five major reservoirs managed by the USBR, and are relatively unaffected by 
ungaged diversion and irrigation.  The models use the precipitation-runoff modeling system 
(PRMS; Leavesley and others, 1983), a model component of MMS.  PRMS allows for the spatial 
distribution of hydrologic-model parameters by partitioning, or characterizing a subbasin into 
modeling response units (MRUs).  Partitioning was based on flow-planes, altitude, mean annual 
precipitation, and soil characteristics, resulting in 1,110 MRU units for the four watershed 
models.   
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Figure 4.  Four watershed modeling units, reservoirs, streamflow gages, and meteorological sites in the Yakima 
River Basin, Washington. 
 
Several of the PRMS modules were modified and a new module was added for the Yakima 
watershed models.  To facilitate real-time operation of the model, for which input data may be 
missing from the meteorological sites, the precipitation and temperature distribution modules 
were modified so that all sites with usable data are used to interpolate the daily values using a 
simple inverse distance-weighting technique.  Modeling the Yakima Basin required modifying 
modules to account for runoff from glacial melt and the water budget of lakes because glaciers 
and water-bodies are not explicitly accounted for in PRMS. 
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A daily water balance is computed for each MRU.  Runoff from the MRUs is accumulated by 
subbasin and by river management points to simulate streamflow, and is stored in the HDB for 
use by the river and reservoir-management model component of the DSS, called RiverWare 
(Fulp and others, 1995).  RiverWare is a general-purpose, interactive model-building tool used to 
develop water-distribution models for operations, scheduling, and planning.  RiverWare is being 
applied by USBR's analysts. 

MMS includes the Ensemble Streamflow Prediction (ESP) technique to make forecasts for the 
runoff season.  ESP runoff forecasts can be made using the entire 52-year climate history and the 
current hydrologic state of the Yakima Basin as simulated with MMS.  For example, on January 
1 the data input files are updated through December 31 and the models are operated from the last 
model end date through December 31.  A series of model runs is completed for January 1 
through July 31 with the 52 years of climate history as input and starting with the stored variable 
values computed in the previous step.  The resulting ensemble of 52 predicted hydrographs of 
January 1-July 31 daily streamflow values for each model and flow-routing node are stored for 
analysis; these 52 hydrographs (also called traces) are ranked by peak runoff or total volume and 
their exceedance probabilities are assigned according to rank.  Because each node represents 
accumulated upstream runoff that is forced by a climate regime that may vary by subbasin, the 
return year for a given exceedance-probability trace may vary by location. 

   
ASSESSMENT OF RUNOFF FORECASTS MADE WITH THE YAKIMA WATERSHED 

MODELS 
 
  As the season progresses through the winter, more information about the snowpack is available 
and can be incorportated into the model with real-time updates of climate inputs.  Thus, the 
variability of forecasts of streamflows for a runoff season should decrease as the season 
progresses.  A series of runoff forecasts was made to assess (1) how the variability of runoff 
forecasts changes during the season, (2) how representative the 50-percent exceedance-
probability forecast is of observed-unregulated runoff, and (3) which exceedance-probability 
runoff forecasts match the observed-unregulated runoff.   

For the assessments, ESP runs were made at weekly intervals from January through March 26 
using the entire climate record for water years 1950 through 2001 to forecast the runoff volumes 
for the runoff season for the years 1956 through 2001 at the six assessment sites--five reservoir 
sites and at the Yakima River near Parker streamgaging station.  At each site, each assessment 
represents the results of 31,096 watershed model runs.  To assess forecast variability and 
accuracy, the weekly 50-percentile volume forecasts for the runoff season for the 46-year period 
were compared with unregulated runoff volumes calculated from observed volumes that had 
been adjusted to reflect unregulated conditions.  Analysis of the 50-percent exceedance-
probability runoff forecasts shows a general pattern of decreased variability (shown as standard 
deviation on figure 5) as the year progresses and a noticeable bias to over-forecast runoff 
volumes in February; the results for Keechelus Lake are shown in figure 5 as an example.  Each 
of the six assessment sites had similar patterns, with the mean percent error values above to 
slightly below zero percent error (table 1) .  The pattern of mean percent error is due partly to the 
bias in the models to over-simulate or under-simulate runoff during the runoff season, as shown 
by the model calibration results (table 2).  Bumping Lake has the highest mean percent errors 
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(23.16 to 7.58 percent) among the six assessment sites, and model-calibration results comparing 
observed and simulated unregulated streamflow data from water years 1950 to 1994 showed a 
+3.85 percent error in total simulated runoff for the runoff season.  Cle Elum has the lowest 
mean percent errors (0.47 to –8.53 percent), and model-calibration results showed a –9.31 
percent error in total simulated runoff for the runoff season.         
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Figure 5.  Comparison of the mean, maximum, minimum, and standard deviation of the percent errors between the 
50-percent exceedance-probability forecast runoff volume (April 1 through July 31) and the observed inflow to 
Keechelus Lake, Washington, made at weekly intervals from 1956 to 2001 using climate data from 1950 to 2001, 
Yakima Watershed Model. 
[Percent Error = ((F – O)/ O * 100), where F is forecasted runoff and O is observed runoff] 

8 



 
    
Table 1.  Mean and standard deviation of percent error between the 50-percent exceedance-probability runoff 
forecasts and the observed runoff volumes (April through July), 1956 to 2001, at the six assessment sites using 
climate data from 1950 to 2001, Yakima River Basin, Washington.   [Percent Error = ((F - O) / O) * 100, where F is 
the forecasted runoff and O is the observed runoff; Std. Dev. = Standard Deviation of the percent errors]  
 

Week Bumping Lake Cle Elum Lake Kachess Lake 
 Mean Percent 

Error 
Std. Dev. Mean Percent 

Error 
Std. Dev. Mean Percent 

Error Std. Dev. 

Jan. 1 17.52 29.89 -2.10 21.21 4.41 26.00 
Jan. 7 14.58 26.88 -1.74 20.16 2.49 23.99 
Jan.14 11.20 23.77 -5.33 17.98 1.35 22.11 
Jan. 21 11.10 22.86 -5.18 17.33 -0.12 20.51 
Jan. 28 8.27 20.68 -4.16 17.51 0.25 19.07 
Feb. 4 9.97 20.79 -4.50 17.60 0.36 18.92 
Feb. 11 23.16 21.30 0.47 18.13 6.53 18.04 
Feb. 18 22.72 19.98 0.09 16.57 6.43 18.02 
Feb. 25 19.01 18.05 -2.80 16.53 3.30 17.24 
Mar. 4 16.40 16.18 -5.16 16.04 -0.20 15.65 
Mar. 11 13.18 15.47 -7.46 14.95 -2.87 13.77 
Mar. 18 11.92 14.40 -7.57 14.78 -3.47 13.26 
Mar. 25 7.58 13.16 -8.53 14.29 -4.21 12.83 

 
 

Week Keechelus Lake Rimrock Lake Yakima River near Parker 
 Mean Percent 

Error 
Std. Dev. Mean Percent 

Error 
Std. Dev. Mean Percent 

Error Std. Dev. 

Jan. 1 11.05 28.25 9.96 26.17 13.99 36.50 
Jan. 7 11.57 26.98 10.93 24.60 13.21 33.50 
Jan.14 10.13 25.14 8.35 22.47 7.46 28.89 
Jan. 21 9.43 24.23 4.56 20.00 6.46 25.71 
Jan. 28 9.84 23.29 6.32 19.12 5.66 24.21 
Feb. 4 8.49 21.72 6.43 18.92 6.97 23.21 
Feb. 11 15.65 21.24 20.37 19.66 17.41 22.58 
Feb. 18 16.58 20.95 18.96 19.11 14.07 19.96 
Feb. 25 13.81 20.39 14.56 17.33 11.39 18.24 
Mar. 4 9.96 18.06 11.36 15.75 8.61 15.94 
Mar. 11 6.86 15.75 9.46 13.92 5.96 13.80 
Mar. 18 5.27 15.20 8.24 12.66 4.62 13.80 
Mar. 25 5.43 15.08 6.41 12.22 2.58 12.42 

 
 

 

 

 

Table 2.  Mean runoff volumes and percent errors between simulated and observed unregulated runoff volumes 
(runoff season, April through July) at the six assessment sites during model calibration, using data from water years 
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1950 to 1994, Yakima River Basin, Washington. 
[cfs-day=cubic feet per second per day; Percent error = ((S – O) / O) * 100, where S is simulated runoff and O is 
observed runoff]] 
 
 Bumping 

Lake 
Cle Elum 
Lake

Kachess 
Lake

Keechelus 
Lake

Rimrock 
Lake 

Yakima R. 
near Parker

Observed 
runoff, cfs-day 

64,335 211,751 57,503 63,512 103,134 966,369 

Simulated 
runoff, cfs-day 

66,810 192,043 54,800 64,574 101,576 984,897 

Percent error 3.85 -9.31 -4.70 1.67 -1.51 1.92 

  

The noticeable over-forecasting bias in the mean and maximum percent errors during February is 
probably related to the tendency of the models to over-simulate snow-water equivalent in 
February.  Figure 6 shows an example of simulation results at two snow pillow sites for two 
snow seasons.  Although at times the model is under-simulating snow-water equivalent, there is 
a subtle increase in simulated snow-water equivalent relative to the observed values around 
February.  ESP model runs beginning in February, therefore, will begin with larger snow-water 
equivalent values, relative to the observed values, than ESP model runs beginning at other times.  
The mean percent errors (table 1) in March are decreasing at most sites as the month progresses 
and gradually approach the percent errors between simulated and observed unregulated runoff 
volumes for the model calibration period (table 2).  

                                   

    |                                          1990                                                 |                 1991 
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Figure 6.  Simulated and observed snow-water equivalent for the 1990 and 1991 snow seasons at Green Lake and 
White Pass, Washington. 
 
To assess the exceedance-probability runoff volume that is most likely to occur, the exceedance 
probability of the runoff volume closest to the observed unregulated runoff volume was 
determined and put into one of 20 exceedance-probability categories at 5-percent increments 
from 0 to 100 percent.  The distribution of exceedance-probability forecasts that most closely 
matched the actual runoff varies with each assessment site (fig. 7 and table 3) according to model 
bias.  At assessment sites where the calibration results showed a bias in the watershed model to 
under-simulate the runoff volumes during the runoff season, lower exceedance-probability 
forecasts were more likely to forecast the true unregulated runoff than the higher exceedance-
probability forecasts (Cle Elum and Kachess); at sites that showed a bias to over-simulate the 
runoff volumes during the runoff season in the calibration results, higher exceedance-probability 
forecast were more likely to forecast the true unregulated runoff (Bumping and Keechelus).  
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Figure 7.  Number of ensemble streamflow prediction forecasts by exceedance-probability category that most 
closely matched calculated inflow to Cle Elum Lake, Washington. 
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Table 3. Number of exceedance probability forecasts of runoff volume during the runoff season (April through 
July), by category, that most closely matched calculated inflow or unregulated runoff for ensemble streamflow 
prediction model runs made at weekly intervals from January 1 through March 26 for water years 1956 to 2001 
using climate data for water years 1950 to 2001, Yakima River Basin, Washington.  
 

Exceedance 
probability 
category, in 

range of 
percent 

Bumping 
Lake 

Cle Elum 
Lake 

Kachess 
Lake 

Keechelus 
Lake 

Rimrock 
Lake 

Yakima 
River Near 

Parker 

0 – 5 14 72 40 23 9 18
5 – 10 16 67 61 21 30 22 
10 – 15 13 33 35 19 9 19 
15 – 20 18 37 33 14 15 21 
20 – 25 25 39 30 16 14 24 
25 – 30 17 25 16 14 14 15 
30 – 35 13 42 39 26 23 26 
35 – 40 20 28 27 29 22 28 
40 – 45 8 21 17 20 18 16 
45 – 50 20 18 29 34 24 30 
50 – 55 17 21 37 34 34 38 
55 – 60 17 22 15 18 23 25 
60 – 65 24 31 26 16 34 42 
65 – 70 27 21 34 19 32 33 
70 – 75 19 19 17 39 24 19 
75 – 80 36 24 28 50 44 50 
80 – 85 49 19 30 42 43 42 
85 – 90 59 5 20 31 34 24 
90 – 95 81 16 24 41 78 48 
95 – 100 104 38 40 92 74 58 
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WITHIN THE SAN JOAQUIN RIVER BASIN 
 

Kathy E. Bashford, Dr., Lawrence Berkeley Laboratory, Berkeley, CA, Norman L. Miller, 
Dr., Lawrence Berkeley Laboratory, Berkeley, CA and Eric Strem, California-Nevada 

River Forecast Center, NOAA-National Weather Service, Sacramento, CA.  Contact Kathy 
Bashford, kebashford@lbl.gov 

 
Abstract Data representing climate change projections were input to the NWS calibrated 
versions of the NOAA NWS Sacramento Soil Moisture Accounting Model with the Anderson 
Snow Model with the aim of assessing the potential impacts on water resources. The application 
area was 6 subcatchments of the Sacramento - San Joaquin drainage extending from the 
northwest and northern Sierra Nevada region to the southern Sierra Nevada region. 
  
One relatively warm and wet projection ensemble member from the HadCM2 (Hadley Centre 
Climate Model Version 2), and one relatively cool and dry projection ensemble member 
(B06.06) from the PCM (DOE NCAR Accelerated Climate Prediction Initiative Parallel Climate 
Model), were used in this study to encompass the range of potential impacts. Statistically 
downscaled output from the two AOGCM baseline (1962-1991) and projection (1994-2100) 
model runs were used to calculate the average monthly changes in precipitation (ratio) and 
temperature (absolute) for 3 projected periods relative to the baseline.  These monthly changes 
were imposed onto the observed 1962-1991 (baseline) precipitation and temperature time series 
and used as input forcing to the hydrologic simulations.  The projected periods were selected to 
represent mean 2025 (2010-2039), 2065 (2050-2079), and 2090 (2080-2099) projected climate 
change. 
 
To further assess the range of possible impacts, a range of fixed temperature (+1.5-+5oc) and 
precipitation (70% - 130%) changes were superimposed on the historic data and used as input. 
 
Simulated ranges of changes in streamflow amount and timing, annual peakflow, snow relative 
to elevation, and the likelihood of extreme events are discussed. The resulting streamflow 
changes were used as input to water demand and agro-economic models for a comprehensive set 
of San Joaquin River Basin subcatchments by assuming similar response sub-regions. 

 
INTRODUCTION 

 
The Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report 
(Intergovernmental Panel on Climate Change, 2001) reports that climate model projections with 
a transient one percent annual increase in greenhouse gas emissions show an increase in the 
global mean near-surface air temperature of 1.4 to 5.8 oC, with a 95% probability interval of 1.7 
to 4.9 oC by 2100 (Wigley and Raper 2001).  This global mean is not uniform and the 
magnitudes of projected changes vary across the globe.  In terms of California, signs of warming 
have already been noted, including a long-term decrease in the proportion of streamflow 
occurring in spring and summer, annual snowmelt occurring earlier, and increased salinity in the 
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San Francisco bay delta.  Downscaled data from the GCM projections suggest that California’s 
warming trend is likely to continue. 
 
It is important to assess the potential impacts of these changes.  There have been a number of 
investigations of California hydrologic response focused on changes in streamflow volumes or 
timing due to climate change (e.g. Revelle and Waggoner 1983, Gleick 1987, Lettenmaier and 
Gan 1990, Jeton et al. 1996, Miller et al. 1999, Wilby and Dettinger 2000, Knowles and Cayan 
2001).  Many of these studies suggest a continuing trend for earlier snowmelt, therefore a larger 
proportion of the streamflow occurring earlier in the year.  A large proportion of the Sacramento-
San Joaquin drainage is from snowmelt, and the snowpack during spring is often considered to 
represent the water resources available for the summer.  Therefore these changes could affect the 
Sacramento-San Joaquin drainage in terms of water resources, salinity, water quality, and 
ecology. 
 
This study focuses on possible streamflow changes resulting from climate change, and a 
companion paper (Hidalgo et al., this issue) shows the potential impacts of these changes on the 
Sacramento-San Joaquin drainage.  
 

METHODOLOGY 
 
Due to the large uncertainty in the magnitude of future changes in climate it is necessary to 
evaluate the impacts from a range of changes. The approach of this project was to compile a 
range of precipitation and temperature datasets representing potential future climate.  These 
precipitation and temperature data were used as input to a hydrological model, and the outputs 
from the model runs give a range of possible future streamflow scenarios.  
 
Study watersheds 
 
The study watersheds were chosen to represent a range of elevations and hydrological regimes in 
the Sacramento-San Joaquin basin.  The aim was that the responses could be used for other 
hydrologically similar basins for our collaborators to evaluate the effects on the Sacramento-San 
Joaquin drainage.  Subbasins range from the low elevation coastal Smith, to the high elevation 
Merced in the Sierras (figure 1).  All the basins excepting the Smith have significant snow 
accumulation, and therefore a large proportion of the annual streamflow is snowmelt.  Due to the 
variation within the basins, the snow producing basins were divided into upper and lower 
subbasins (table 1) with separate forcings for the hydrological modeling.  
 
 Smith Sacramento Feather American Merced Kings 
Area  sq. km 1706 1181 9989 950 891 4292 
Gage Lat. 41o 47’ 30” 40o 45’ 23” 39 o 32’ 00” 38o 56’ 10” 37 o 49’ 55” 36o 49’ 55” 
Gage Lon. 124 o 04’30” 122o 24’ 58” 121o 31’ 00” 121o 01’ 22” 119o 19’ 25” 119o 19’ 25” 
Percent Upper 0 27 58 37 89 72 
Upper Centroid  1798 1768 1896 2591 2743 
Lower  Centroid 722 1036 1280 960 1676 1067 
Table 1. Basin Area, stream gauge coordinates, percent subbasin area and elevation. 
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Figure 1 Location of the six study basins (Smith-at Jed Smith, Sacramento at Delta, 
Feather at Oroville Dam, North Fork American at North Fork Dam, Merced at Pohono 
Bridge, and Kings at Pine Flat). 

GCM projections 
 
The GCM projections chosen were the NCAR parallel climate model run to be referred to as 
PCM, and Hadley Centre run, to be referred to as HCM.  These projections are relatively cool 
and dry, and relatively warm and wet respectively, compared to the range of projections for 
California from the IPCC report.  They were chosen to represent the extremes of the range of 
potential changes from the GCM runs included in the IPCC report (IPCC TAR, 2001).  The scale 
of GCM grid squares is far larger than the scale at which data are required for hydrological 
modeling; therefore it is necessary to downscale the GCM outputs. The precipitation and 
temperature data used here were statistically downscaled to the 10km scale using the PRISM 
technique (Daley et al. 1999), and the areal mean of these downscaled data were used for each 
catchment. 
 
Many GCMs do not accurately represent historical and current climate, therefore it could be 
assumed that these biases also exist in the projections.  To remove this bias it is necessary to 
calculate the change in climate between historical and future GCM runs, and superimpose these 
changes on historical measured data.  Therefore differences between downscaled GCM outputs 
from these projection periods and the historical periods were computed, then superimposed on 
the National Weather Service measured 6 hourly data from the baseline period. 
 
Both GCM projections give a significant increase in temperature (figure 2) but the Hadley model 
increase is more extreme.  Changes also tend to be higher further East.  The PCM model 
suggests an increase of 2.4C by the last period, whereas the HCM suggests a larger increase of 
around 3.3C.   
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Figure 2  California climatological temperature shifts (oC) for PCM and HadCM2 
averaged over the time periods 2010-2039, 2050-2079, and 2080-2099. 

  
The precipitation changes are expressed in terms of a ratio (figure 3).  The PCM suggests that 
there will be a decrease in precipitation that will reach 90% on average by the 2090 period.  In 
contrast the Hadley projections suggest a large increase in precipitation.  This varies spatially 
and is as high as doubled precipitation near the coast. 
 

 
Figure 3  California mean-area climatological precipitation ratios for PCM and HadCM2 
averaged over the time periods 2010-2039, 2050-2079, and 2080-2099. 

 
 
For each projected period, the average temperature for each calendar month averaged over all the 
years was calculated.  The average monthly temperature for the baseline period was subtracted to 
result in monthly temperature shifts.  There is little seasonal variation in temperature changes, 
although the Hadley changes tend to be higher in January for the 2090 period. These monthly 
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shifts were added to the 6 hourly measured data from the baseline period, to give the climate 
change input data for hydrological modeling.  
 
The 6 hourly climate change precipitation data were calculated in a similar manner, except that 
the monthly changes were calculated as a ratio.  The precipitation changes show a lot more 
seasonal variation, and those seasonal variations show different trends for the different periods 
and models (figure 4).  
 

 
Figure 4  HadCM2 (HCM) and PCM precipitation ratios imposed on the NWS observed 
temperatures at the Sacramento, American, and Merced study basins. 

. 
Specified changes 
 
To further evaluate the range of potential outcomes a range of temporally and spatially uniform 
changes were also simulated.  Although the magnitude of the change is uncertain, all GCM 
projections seem to imply an increase in temperature in California, therefore a range of 
temperature increases was selected, up to 5 oc.  In terms of precipitation both the direction and 
magnitude of the change is uncertain, therefore a range of +/- 30 % was simulated. 
 
Hydrological Model 
 
The temperature and precipitation time series with these changes imposed were input to the 
Sacramento soil moisture accounting model coupled to the Anderson snow model.  The 
Sacramento soil moisture accounting model consists of soil moisture storage in, and movement 
between 5 compartments (figure 5, Burnash et al., 1973).  The Anderson snow model is also 
termed SNOW-17, and represents the dominant processes affecting snow accumulation and 
ablation (Anderson, 1973).  The parameter set used by the National Weather Service for flood 
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forecasting was used.  The model was run with historical data from the baseline period and the 
outputs compared well with measured streamflow.  These data are termed the baseline or 
verification set and were used for comparison. 
 

 

Figure 5  Schematic of Sacramento Soil moisture accounting model 

 
RESULTS 

 
GCM projections 
 
The average monthly streamflow corresponding to the GCM derived precipitation and 
temperature changes show that in all cases an increased temperature has led to a larger 
proportion of streamflow occurring earlier due to snowmelt (Figure 6).  This could have 
implications for flooding in the snowmelt periods, particularly in the case of the Hadley model 
where some average monthly flows are more than doubled.  The PCM results suggest that low 
flows later in the season could be a problem. 
 
The state of California water resources is sometimes quantified in terms of the snowpack on 
April 1st.  Figure 7 shows the average snow water equivalent over the basins at the end of each 
month relative to the current day.  According to both GCM projections, the April 1st snowpack 
could be reduced to 50% of that of current day by the 2090 period, except for the case of the 
high elevation Merced. 
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Figure 6  Streamflow monthly climatological averages based on the HadCM2 (HCM) and 
the PCM. 

  

 
Figure 7  Ratio of climate change to baseline mean-monthly Snow Water Equivalent (SWE) 
for each basin. 

  
Climate change could also lead to changes in the likelihood of extreme events.  The GCM 
projections suggest a significant increase in the likelihood of high flow events, even in the case 
of reduced precipitation (figure 8).   
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Figure 8  Exceedance probabilities of the daily flow for each climate change scenario 

 
Specified Changes 
 
The incremental precipitation and temperature change data are useful for analyzing precipitation 
and temperature effects.  The monthly streamflow effects of increased precipitation and 
temperature increases of 1.5, 3 and 5 degrees are shown in figure 9.  
 

 
Figure 9  Streamflow monthly climatologies based on the specified changes for (top to 
bottom) Smith (722m), Sacramento (1242m), Feather (1563m), and Merced (2490m) with 
temperature increases (1.5C, 3 C, and 5C, left to right) for increasing precipitation. 
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The Smith, at 722m has little snow accumulation, therefore the increase in temperature has little 
effect on streamflow timing, and the proportional increase in streamflow is fairly uniform 
seasonally.  For the higher elevation snow accumulating basins, as the temperature increases the 
snowmelt tends to occur earlier.  The timing shift is not too extreme in the Sacramento where 
there is less snow accumulation than in the higher basins.  It is fairly extreme in the Feather, and 
the high elevation Merced requires a higher temperature increase to lead to a significant 
snowmelt timing shift because the high elevation temperatures are so much below freezing under 
present day conditions. 

 
With reduced precipitation and the equivalent increases in temperature, again a higher proportion 
of streamflow occurs earlier in the year, but in this case it leads to more extreme low flows later 
in the season (figure 10).  This could lead to significant problems in terms of water resources, 
salinity and ecology. 
 

 
Figure 10  Streamflow monthly climatological averages based on the specified changes for 
Smith, Sacramento, Feather and Merced (top to bottom) with temperature increases (1.5 
oC, 3 oC, and 5 oC, left to right) for decreasing precipitation 

 
The effects that temperature has on the snowpack is clearly shown by the change in snow water 
equivalent.  Even with a 30% increase in precipitation, temperature increases resulted in less 
snowpack, except for a slight increase in the high elevation Merced (figure 11).  With reduced 
precipitation the snowpack would be even lower.  
 
The effects of precipitation and temperature changes on high flow events varies with elevation.  
Figure 12 shows the mean maximum annual flow for each combination of incremental 
temperature and precipitation changes.  An increase in precipitation leads to a higher 
proportional increase in high flows in each case.  Therefore a situation of doubled precipitation 
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might lead to quadrupled flood magnitudes, as the antecedent conditions would be more storage, 
in terms of soil moisture or snow. 
 

 
Figure 11  Ratio of climate change to baseline mean-monthly Snow Water Equivalent 
(SWE) for Sacramento (top), Feather (middle) and Merced (bottom) basins, increasing 
precipitation. 

For all snow producing basins high flows are sensitive to temperature changes, which suggests 
that the high flow events are snowmelt or rain on snow events.  At smaller temperature changes 
the mid altitude feather is most sensitive, probably because the winter temperatures for a lot of 
the basin area are just below freezing under present conditions.  A small increase leads to 
temperatures above freezing, therefore less snow accumulation and earlier melting. 
 
A larger temperature increase of 5 oC does not lead to much higher high flows in the Feather than 
that of 3 oC, however the Merced is very sensitive to temperature change within this range.  An 
increase of 5 oC could lead to average annual high flows of 2 1/2 times those of present day in the 
Merced.  The Sacramento high flows are less sensitive to temperature and more sensitive to 
precipitation than the other snow producing basins. 
 

DISCUSSION 
 
Limitations 
 
There are a number of limitations to the current status of the assessment of climate change 
impacts on hydrology.  The use of average monthly (or uniform) changes imposed on historical 
data does not give a representation of the shorter timescale changes such as shorter and more 
intense precipitation events, and larger diurnal temperature ranges that may be associated with 
climate change.  However use of projected data would include bias associated with GCMs, and 
the hydrology model is calibrated for historical conditions.  
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Figure 12  Ratio of mean annual high flow for changing temperature and precipitation to 
the baseline historical mean annual high flow for all 28 possible incremental combinations. 

 
The assumption that the model and parameter set are applicable under changed conditions may 
not be valid.  In particular, the Sacramento model parameter set is based on historical conditions, 
therefore the likely evapotranspiration changes were not modeled.  This is not very significant in 
the winter but could affect springtime and summer results. 
 
Despite these limitations, this study follows current practice, and gives a range of possible 
scenarios to evaluate potential impacts.   
 
Conclusions 
 
The GCM results all suggest earlier snowmelt for the snow producing basins.  The Hadley 
suggests increased flow overall and is very extreme, whereas the PCM is less extreme and 
suggests reduced overall streamflow.  In both cases the likelihood of higher flows increases 
significantly.   
 
Temperature increases are likely to lead to a continued trend of increasing early snowmelt and 
streamflow.  They would also lead to higher high flows, and lower flows in the spring and 
summer.  These effects vary with elevation of the basin, and magnitude of the change.  The 
effects of precipitation changes affect the volume rather than the timing of flows.  Lower 
precipitation could still lead to more flooding, and higher precipitation to more extreme low 
flows due to the effects of temperature increases. 
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The main points to summarize are firstly that although potential effects are uncertain, it seems 
likely that increased temperatures would lead to lower water availability in spring and summer.  
This could affect water resources, water quality and ecology in the Sacramento-San Joaquin 
drainage, and these possible changes should be assessed.  Secondly, there could also be more 
extreme high flows even if precipitation was reduced, therefore it may be necessary to think 
about increasing flood protection.  
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Abstract   The U.S. Army Corps of Engineer’s Hydrologic Engineering Center (HEC), with the 
Sacramento District, developed thirty-three hydrologic models for the Sacramento River, San 
Joaquin River, and Tulare Lake Bed Basins.  HEC’s Hydrologic Modeling System (HEC-HMS) 
was used to develop these models.  The Sacramento District intends to use the HEC-HMS 
models to assist them in their water management efforts.  Through the Corps Water Management 
System (CWMS), the models will help provide better flow forecasts.  Model results will be used 
as input for reservoir simulation models and to estimate local inflows below the reservoirs. This 
paper discusses the development of the HMS models, the techniques, steps, guidelines, and 
assumptions made along the way.  Summary results are presented.  The entire process and 
detailed modeling results are provided in a complete report entitled, “HEC-HMS Models for the 
Sacramento and San Joaquin River Basins Comprehensive Study.”  
 

INTRODUCTION 
 

The Sacramento River Basin and the San Joaquin River/Tulare Lake Bed Basins comprise nearly 
60,000 square miles, drain California’s central valley floor and receive much of their runoff from 
the Sierra Nevada mountain range, Figure 1.  Developing hydrologic models for the tributary 
basins and portions of the valley floor (33,000 square miles) within a ten- month time period was 
a formidable task.  To expedite the modeling effort, HEC incorporated GIS technology.  HEC-
GeoHMS, Geospatial Hydrologic Modeling Extension, (HEC, 2000) grid-based technology was 
used to perform much of the hydrologic study.  GeoHMS is an ArcView® extension that 
provides automated subbasin delineation methods and calculates many of the physical 
characteristics used for the estimation of hydrologic parameters.   
 
Because the two events studied, March 1995 and December 1996/January 1997, included 
significant snowmelt along with precipitation, the Corps’ Cold Regions Research and 
Engineering Laboratory (CRREL) performed a snowmelt study.  Using their Distributed Snow 
Process Model (DSPM), CRREL developed gridded snowmelt/precipitation files.  These files 
were used directly by HEC-HMS as precipitation.  The ModClark rainfall to runoff 
transformation was used to compute the subbasin hydrographs. 
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models were given to the Sacramento D
 

 

Sacramento  
River Basin 

San Joaquin 
&Tulare Lake 
Bed Basins 

T
scale attempt in developing hydrologic 
models using gridded data and GeoHMS
The models had to be developed efficiently
and consistently across a large geographic 
area.  HEC-HMS and HEC-GeoHMS prove
to be significant assets in completing this 
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technology in the form of GeoHMS.  GeoHMS facilitates the development of hydrologi
through GIS.  It uses functions from Spatial Analyst to analyze terrain models and calculate the 
physical parameters of the subbasins.  These physical characteristics are directly calculated from
the terrain data.  In short, GeoHMS significantly reduces the effort and time required to develop 
the physical characteristics of the subbasins that are necessary for the development of the HEC-
HMS models. 
  
Tw
two views are the Main View and the Project View.  In the Main View, the digital elevation 
model (DEM) is used as input for pre-processing steps such as flow direction and accumulati
The flow direction grid, developed by GeoHMS, and the DEM are used to create the grid-cell 
parameter file for the modified Clark (ModClark) rainfall-runoff transformation (Kull and 
Feldman, 1998; Peters and Easton, 1996). The flow direction and DEM grids are also used 
create a new grid having the Standard Hydrologic Grid (SHG) parameters.  The SHG that was 
developed at HEC has parameters that result in an equal-area projection (HEC, 1998). The 
resultant grid aggregates the DEM cells to a user specified grid-cell size and calculates an 
averaged travel distance from the flow direction grid. 
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In the Project View, the user can divide the basin into headwater subbasins, local subbasins with 
routing reaches, and other HMS elements.  After the basin is appropriately delineated, GeoHMS 
estimates the watershed and stream characteristics and stores this information in theme attribute 
tables. Finally, the HMS schematic for the HMS model is developed by GeoHMS. (Doan 2000) 
 

DEM DEVELOPMENT 
 
To begin the GeoHMS process, a terrain model must be developed.  GeoHMS relies almost 
exclusively on topographic information to perform its tasks.  GeoHMS is not used to create the 
DEM rather, terrain tools found in ArcInfo and ArcView were used to assemble and correct the 
digital elevation models.  The DEM development process for the Sacramento, San Joaquin, and 
Tulare Lake Bed follows. (McPherson, 2000)  
 
The Sacramento/San Joaquin Comprehensive Study began before the National Elevation Dataset 
(NED) was available from the USGS, so the terrain data for the study was assembled from 
1:24,000 scale DEMs. These DEMs were downloaded from the USGS at 
edcftp.cr.usgs.gov:/pub/data/DEM/7.5min. Using a series of scripts and ArcInfo macros written 
for the purpose, HEC staff processed roughly 2,900 individual DEM quadrangles from their 
SDTS file format into ArcInfo grids. Before the grids could be merged into a single terrain 
model, several inconsistencies had to be corrected. These included unit conversions, vertical and 
horizontal datum changes, and a change in the horizontal coordinate system conversion from 
Universal Transverse Mercator (UTM) in two zones into a single coordinate system. Many of 
these data conversion steps would be unnecessary today using the NED.  
 
About 85% of the DEMs had elevation values in meters, while the remainder were in feet. In all 
cases, the DEMs used integer values, so the meter grids had roughly one-third the vertical 
resolution of the foot grids. To combine the two unit systems, the grids were converted to 
centimeters to maintain integer format and avoid a reduction in accuracy.  
 
Horizontal positions of all the DEMs were in UTM coordinates, with about half the quadrangles 
falling in UTM zone 10 and half in UTM zone 11. All the zone 11 DEMs and the vast majority 
of the zone 10 DEMs were referenced to the NAD27 horizontal datum, and a small number of 
the zone 10 grids were referenced to NAD83. For use in the study, all the grids were resampled 
to 30-meter postings in an Albers Equal-Area projection similar to the one used by California’s 
Teale Data Center for statewide maps. 
 
Once the DEMs were assembled into a single consistent form, a preliminary drainage analysis 
was performed to test their suitability for use in hydrologic modeling.  This analysis revealed a 
number of flaws requiring further correction.  For example, the DEMs representing Folsom Lake 
include a corner where four quadrangles meet; the four quadrangles are shown in Figure 2. In 
three of the quadrangles, the elevations were recorded in meters and the elevation of the lake was 
given as 142 meters.  In the fourth quadrangle, the elevations were given in feet.  After 
conversion, the elevation in that part of the lake was 142.04 meters.  Because the lake’s outlet 
was located in the portion of the terrain model with the higher apparent elevation, any drainage 
analysis from this DEM would place the reservoir’s outlet at the wrong location.  This error and 
others around reservoirs were corrected using ArcInfo GRID editing tools.  
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After the master DEM was developed and corrected, 
fourteen study areas were cut from the master DEM 
and were later provided to the individual modeling 
teams assembled at HEC.  Each of the fourteen 
smaller DEMs included one to four actual river 
basins which were later subdivided during the 
GeoHMS process. 

Figure 2  DEMs at Folsom Lake 

 
DATA ACQUISITION 

 
Before the hydrologic modeling could begin, a 
massive data collection effort was performed at 
HEC.  Data for the two events to be modeled, March 
1995 and the December 1996/January 1997 event, 
and for the period-of-record was collected and 
assembled.  Other events such as the 1983 and 1986 
events were also considered, but the data for those 
events was not as readily available. 
  
Over 50 agencies were contacted and over 4500 time 
series were processed for this study. For delineation, 
optimization, and calibration purposes, 
approximately 200 flow gages and nearly 75 
reservoirs were used. Flow (hourly and daily), stage 
and reservoir data were collected, along with other 

data, to assist the modelers in the delineation of their models. The Sacramento District requested 
that the basins be delineated at all flow gages with records for one or both events and at all 
reservoirs with at least 10,000 ac-ft of storage.  
 
Because of the sheer number of gages and desired subbasin delineation points, it was important 
to identify the geographic location of the gaging stations. Using the capabilities within ArcView, 
the hourly and daily flow gages were organized by type and provided to the modelers in separate 
ArcView coverages. The modelers could then import the ArcView data layers into GeoHMS and 
the subbasins could be accurately delineated. An example of a coverage displaying the gages is 
shown in Figure 3. To have the location of the gages spatially referenced was critical to the speed 
and accuracy of which the basin delineations could be performed.  
 

BASIN DELINEATION AND PARAMETER ESTIMATION 
 

With the terrain data processing and data acquisition complete, GeoHMS could now be used to 
estimate the physical model components. Using USGS hydrologic unit maps as templates, the 
fourteen smaller DEMs were extracted from the master DEM as described above. Each of the 
fourteen basins were then assigned to one of eleven two-person teams, composed of engineers 
from HEC and the Sacramento District. Using ArcView along with the Spatial Analyst and 
GeoHMS extensions, these teams performed the more detailed drainage analyses, dividing the  
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basins into subbasins, and defining stream reaches and 
junctions. As discussed in the Data Acquisition section, 
where possible, subbasin outlets were placed at the 
locations of stream gages, so that flows recorded at 
those gages could be used to calibrate the models. 

Figure 3  Flow Gage Locations 

 
General Watershed Delineation:  In the Main View 
of GeoHMS, each of the modelers performed a number 
of tasks to prepare their basins for processing. The pre-
processing creates a depression-less DEM which 
ensures that positive drainage will occur. Next, flow 
direction and flow accumulation grids are calculated 
based on the flow path of steepest decent. The drainage 
paths delineated from the DEMs were compared with 
existing hardcopy maps. In some cases, these 
comparisons revealed flaws in the DEMs, which had to 
be corrected before continuing onto model 
development. 
 
For the Comprehensive Study, it became clear early 
that modeling consistency was critical.  With eleven 
teams performing the analyses, the detail and direction 
that each team took had to be consistent.  Therefore, 

because the study area was so large, HEC elected to target the minimum size of a subbasin to 50 
square miles.  In reality, there were numerous occasions when smaller subbasins were used in the 
modeling, however for detail consistency across the models, 50 square miles was the initial 
minimum drainage area.  The Stream Definition step initiated the delineation process. The 
stream definition step defines where the streams and rivers are located. The modelers elected to 
have GeoHMS initiate a stream or river when one percent of the drainage area was accumulating 
to a given point.  For example, if their basin was 1000 square miles, the beginning of all streams 
would start when approximately 10 square miles of area had accumulated to a given point. Once 
the streams and rivers were defined, the initial junction locations for all the models were then 
automatically developed during the Stream Segmentation step.  Stream segments are the sections 
of streams that connect two successive junctions, a junction with an outlet, or a junction with the 
drainage divide.  The automatic subbasin delineations would then occur based on the stream 
segments.  Each stream segment would have its own subbasin delineation. Therefore, a more 
defined stream definition generates more stream segments which in turn creates a greater number 
of automatically delineated subbasins.  
  
In general, the automatic delineation process is useful, however, each team provided a critical 
review of the automatic delineations and either added additional delineations at gages or other 
hydrologically important points or combined subbasins when appropriate.  Next, the various 
grids just created were converted into vector representations with polygons and lines.  The 
automated basin delineation process is very quick with the pre-processing steps took only a few 
minutes for each of the teams.  In addition, the automated delineations are readily revised in 
subsequent GeoHMS processing steps. 
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The final step of the Main View is to identify the i
basin models. The fourteen DEMs were subdivided 
each drainage basin could be modeled separately.  For 
example, in Figure 4, one MainView exists but three 
project or basin models have been identified: Stony Cre
Cache Creek and Putah Creek. The project models are 
defined by their outlet.  GeoHMS allows the user to selec
the outlet of the project model and then based on the results 
of the preprocessing steps, automatically cuts out the 
individual basin models. The physical characte
individual basin models are automatically saved to
attributes table thus saving many hours of labor-intensive 
manual measurements. 

ndividual 
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Figure 4  Basin Delineation 

 
Subbasin Delineation and Processing:  With thirty-three 
individual basin models identified the true hydrologic 
modeling effort could begin. As mentioned before, the 
subbasins originally developed by GeoHMS in the 
preprocessing steps may or may not have been appropriate. 
In the Project View, the original subbasins and hence the 
river reaches and junctions can be appropriately identified. 

Subbasins may be split or combined which means that the river reaches and junctions for each of 
the new subbasins will also be redefined. 

 

 
Each of the eleven modeling groups were given general guidelines on how to delineate their 
basin models. These guidelines included: 

• Subbasins should have a minimum drainage area of 50 square miles. 
• Subbasins should have a maximum drainage area of 500 square miles. 
• Subbasins should be delineated at hourly flow and daily flow gages even if less than 50 

square miles. Early in the process, it was clear that gages representing very small 
drainage areas were not going to be used due to the enormity of the study so some gages 
were not used to delineate a basin. Additionally, in some cases where hourly gages did 
not exist but daily flow gages did, the daily gages were brought in as a separate layer into 
GeoHMS to help delineate the subbasins.  

• Subbasins should be delineated at all reservoirs with storage of 10,000 ac-ft or more. At 
times, other smaller reservoirs were also used to help delineate subbasins.  

• Subbasins should be delineated at all hydrologically important locations such as 
tributaries or at breaks in the stream grade that would significantly change the 
characteristics for a subbasin routing reach.  

 
Armed with the guidelines, hard copy detailed maps of their basins, existing hydrologic studies, 
and ArcView layers of existing rivers, lakes, flow and stage gages, interstates and state 
highways, places (including regions, cities, and other points of interests), the modeling teams 
subdivided or combined the original subbasins using the tools in GeoHMS.  One such tool is the 
River Profile tool.  It plots the streambed profile for visual inspection.  If the streambed slope  
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changed significantly at a certain 
location, the subbasin may have been 
subdivided at that location.  The river 
profile for a selected subbasin and the 
entire delineated Putah Creek basin 
are displayed in Figure 5.  What 
made the delineation process so 
expedient was that once the 
delineations were finalized, many 
physical parameters for the subbasins 
were automatically calculated.  The 
division of the subbasins could have 
been done easily by hand but the 
computation of all of the physical 
characteristics, if done manually, 
would have taken an enormous 
amount of time. 

Figure 5  Stream Profile and Subbasin Delineation

 

 
 

The physical parameters developed by GeoHMS include the area of the subbasins, river length, 
river slope, subbasin centroid location and elevation, longest flow path for each subbasin, and the 
length along the stream path from the centroid to the subbasin outlet. Each of these parameters 
was then saved to one of a number of theme attributes tables. The drainage areas were 
automatically transferred to the HMS models via the HMSfile.basin file. Other physical 
parameters were copied to a number of Excel spreadsheets where they were used to assist with 
the optimization models, the regression analysis, and the calibration process.  
 
GeoHMS creates two other files that are directly importable into HMS. These files are: the 
mapfile.map, and the ModClark.mod file.  The mapfile.map is the HMS schematic (or 
background map for HMS) and the ModClark.mod file includes the reach and travel lengths 
necessary for the ModClark rainfall/runoff transformation.  The HMS schematic for Putah Creek 
is shown in Figure 6.  GeoHMS allows the user to name the reaches and the basins for HMS in 
various attribute tables.  It also allows the user to convert the map units which are predominantly 
in Metric units to automatically display in English units.  
 
At this point, the physical HMS model has been developed and the hydrologic parameters such 
as precipitation, baseflow and losses were entered. Without GeoHMS, it is doubtful that HEC 
would have been able to develop the HMS models as quickly or accurately. 
 

METEOROLOGICAL MODELING 
 
The precipitation that caused the two events was a combination of rainfall and snowmelt.  The 
December 1996-January 1997 event was created by a strong, warm rain falling on a deep, early 
snowpack.  In contrast, during the March 1995 event, some headwater basins were accumulating 
snow when the downstream gages were experiencing peak runoff. 
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To effectively estimate the amount of 
precipitation (rainfall vs. snowfall), snow 
accumulation and snowmelt, the Corps’ C
Regions Research and Engineering 
Laboratory (CRREL) used their snowmelt 
model, the Distributed Snow Process Model 
(DSPM).  In addition, because the ModClark 
rainfall to runoff procedure was used, a 
gridded representation of the basin 
precipitation had to be defined.  The 
ModClark procedure requires excess 
precipitation or snowmelt be estimated for 
each grid cell for each time interval.  
Therefore, gridded layers of precipitation, 
temperature, snow water equivalent, and 
snow covered area had to be developed. 

Figure 6  HMS Schematic for Putah Creek, CA 

old 

 
CRREL received the gridded precipitation 
files developed at HEC, using the 
GageInterp program, and then used similar 

techniques to develop temperature and snow water equivalent grids.  Using the temperature 
grids, CRREL determined whether the precipitation was falling as rain or snow and whether the 
snowpack was building or being depleted.  Using aerial imagery, they determined the extent of 
the snowpack or snow covered area for each time step.  This allowed them to estimate whether a 
given grid cell had snow or not at any time.  Using their snow covered area grid and their snow 
water equivalent grid they could then state how much if any snow a given grid cell would have at 
any time.  Using the DSPM and their grids, they converted the gridded precipitation to a gridded 
rainfall/snowmelt term they call LWASS or liquid water available at the soil surface.  The 
gridded LWASS was then used directly by the HMS models as the precipitation in the 
meteorological models.  The DSPM shows a lot of promise and its techniques are being 
incorporated into the HMS software. 

 

 
PARAMETER OPTIMIZATION 

 
Due to the fact that hourly flow gages did not exist at every subbasin outlet, a regression analysis 
was performed to consistently populate the HMS models with initial parameter estimates. In 
order to develop the physical parameters necessary for a regression analysis, HMS parameter 
optimization models were developed at all of the hourly flow gages for the unregulated 
headwater streams. GeoHMS assisted with the optimization process by developing some of the 
physical parameters necessary for the parameter optimization and by allowing the modeling 
teams to easily construct additional HMS sub-models so that additional optimization models 
could be developed. For example, if a detailed HMS model included three subbasins contributing 
to an hourly gage and it was determined that the gage was an acceptable optimization location, 
the modeling groups combined the three subbasins and then cut out a new HMS model at the 
headwater gage.  GeoHMS allowed the modeling groups to develop as many unit hydrograph 
and loss rate parameter optimization models as possible within their basins. Some of the physical 
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parameters used by the parameter optimization process were the longest flow paths, slopes, 
stream lengths, and drainage areas. Since the detailed HMS models were only going to include 
subbasins of 500 square miles or less, only subbasins of less than 500 square miles were used for 
optimization. Once the physical parameters were available for the gaged basin models, the model 
parameters were estimated by parameter optimization functions in HEC-HMS, which 
automatically adjusted the model parameters to find a best-fit solution for computed and 
observed runoff hydrographs.  
 

REGIONAL REGRESSION ANALYSIS 
 
Based on the results of the parameter optimization of the gaged basins, a regression analysis was 
then performed.  The purpose of the regression analysis was to populate the ungaged subbasins 
with physical parameters without having each parameter manually measured. 
 
The regional regression analysis was used to estimate the time of concentration (Tc) and storage 
coefficient (R) for the Mod-Clark Unit Hydrograph rainfall/runoff transform method.  The 
following characteristics were estimated for each of the subbasins: 

• Length of longest flow path in basin (L)  
• Length of flow path from subbasin centroid to subbasin outlet (LCA)  
• Elevation of subbasin centroid  
• Subbasin area (DA)  
• Slope along longest flow path (based on elevation at path endpoints) (S)  
• Slope along longest flow path (based on points 10% and 85% along stream from subbasin 

outlet) (S85) 
 
Each of these characteristics along with a basin factor, the product of the two flow path lengths 
divided by the square root of the subbasin slope (BF), were evaluated for correlation with 
variations in the Tc for the optimization models. The characteristics with predictive value were 
then used to estimate Tc for each subbasin in the detailed HMS models. HEC decided that the 
values of R for each subbasin would be estimated by assuming that the relation R/(R + Tc) is 
constant for hydrologically similar areas. 
 
The results of the regression analysis demonstrated that two predictive equations for Tc and two 
relationships for R could be used for the entire study area. For the rivers north of the Merced 
River except for the Pit and McCloud the equation Tc = 0.68(LLCA/S1/2)0.46 was used. For all 
other rivers, including the Merced, the equation Tc = 1.67(LLCA/S1/2)0.29 was used. Similarly, the 
relationship for R/(R + Tc) was initially set to either 0.6 or 0.8 depending on the particular river. 
During the calibration process, the relationship for R/(R + Tc) may have been changed for a 
particular river so that the observed and computed hydrographs matched more closely.  
 

ROUTING PARAMETERS 
 
Initial estimates of routing reach travel times were estimated, in part, from a regression of field 
data. Field estimates of the Manning’s "n" values and the top and bottom widths and depths of 
the streams were taken at a number of key locations throughout the Sacramento System.  From 
the estimates of the cross-sectional measurements, a hydraulic radius was computed.  Using 
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GeoHMS, HEC was able to determine a representative slope at those locations and compute the 
drainage area above these points.  A relationship between the drainage area and the hydraulic 
radius was then estimated through a regression analysis.  The purpose of the relationship was so 
that each modeler could obtain a hydraulic radius, knowing the drainage area at any given point 
along a stream. 
 
Next, the field estimated Manning’s n values were compared to the Manning’s n values that are 
calculated by Jarrett’s equation for steep streams (Jarrett, 1984).  Jarrett’s equation requires the 
modeler to know the slope and hydraulic radius.  Once the Manning’s "n" values were 
calculated, the velocity could be computed using Manning’s equation.  Placing the values into a 
spreadsheet and knowing the reach length, already developed by GeoHMS, the travel times for 
the reach lengths could be calculated.  For the Comprehensive Study, the travel time in a reach 
was set equal to the Muskingum "K" value for the routing reach.  The Muskingum "x" was set 
equal to 0.4 for the steep mountainous streams.  The Muskingum routing method was prescribed 
by the District. 
 

CALIBRATION 
 
Using the equations from the regression analysis to generate the values for the HMS models, the 
calibration process could begin. The physical parameters developed by HEC-GeoHMS were 
instrumental in the calibration process. The drainage areas were used directly while the routing 
reach lengths were used to help compute the routing times for each of the routing reaches. It was 
critical that the reach lengths be correct so that the timing of the hydrograph peaks would be 
accurate. HEC-GeoHMS’s area tool was used to estimate the area to the midpoint of a reach 
length so that representative hydraulic radii could be determined from the drainage area vs. 
hydraulic radius plot. Again, without HEC-GeoHMS, the development of these parameters 
would have been much more time consuming and the project would not have been completed in 
an efficient and consistent manner. Calibrations were compared to the observed hourly, or at 
times, daily hydrographs whenever available, see Figure 7.  If daily gages were used, 
instantaneous peaks were retrieved from the USGS Web site to help the modelers approximate 
the actual hydrograph. 

 
CONCLUSION 

 
The hydrologic modeling effort for the comprehensive study of the Sacramento, San Joaquin, 
and Tulare Lake Bed Basins is HEC’s first large-scale attempt to develop hydrologic models 
from GIS data sets.  Because of the size of the project, approximately 60,000 square miles, and 
the need to work quickly, a 10-month schedule, the hydrologic models had to be developed 
efficiently and with consistent methodologies across a very large geographic region.  The ability 
to define subbasins and routing reaches interactively based on terrain models allowed the 
hydrologic engineers to work quickly, and the ability to compare their intermediate results with 
existing maps increased their confidence in the validity of their model components.  From the 
viewing and manipulation of the data, to the development of the physical parameters, to the 
parameter optimization and regression analyses, it is clear that GeoHMS and its ability to  
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Figure 7 Calibration of Cache Creek at Rumsey, CA 

calculate basin characteristics directly from terrain models allowed HEC to develop HEC-HMS 
models in a timely manner.  It is also clear that GeoHMS and HMS can be used for future 
regional studies.  
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