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FOREWORD

The Federal Subcommittee on Hydrology published these proceedings and sponsored the
associated First Federal Interagency Hydrologic Modeling Conference. The general purpose of
the Subcommittee is to foster effective communication and collaboration for technical
surface-water quantity activities. Representatives of more than a dozen Federal agencies
participate on the Subcommittee. The Subcommittee currently sponsors or co-sponsors four
subordinate groups: (1) the Floed Flow Frequency Analysis Work Group, (2) the Satellite
Telemetry Interagency Work Group {STWIG) that is co-sponsored by the Interagency
Coordination Committee on Meteorology and Supporting Research, (3) the Federal Hydrologic
Radio Frequency Coordination Work Group, and (4) the Modeling Conference Work Group that
planned this conference.

The Subcommittee is an interagency group that has operated within the Federal Government
under a variety of authorities for about 50 years. In the early 1980's when the Reagan
Administration disbanded the Water Resources Council, the Water Information Coordination
Program {WICP) became the sponsor of the Subcommittee. Office of Management and Budget
Memorandum No. 92-01 requires all Federal agencies to coordinate their water-information
activities through the WICP and designates the U.S. Geological Survey to be the lead agency. The
general purposes of the WICP are to ensure effective decision making for natural-resources
management and environmental protection at all levels of government and in the private sector.
Federal and non-Federal organizations that fund, collect, or use water-resources information work
together to carry out the objectives of the WICP.,

For additional information about the WICP and its committees and products, please write or
telephone the Water Information Coordination Program, U. S. Geological Survey, 417 National
Center, Reston, VA 20192. Telephone:(703)648-6832. Fax: (703) 648-5644. Information on the
WICP is available on the World Wide Web at <http://water.usgs.gov/public/wicp>.
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PREFACE

The Subcommittee on Hydrology, Interagency Advisory Committee on Water Data, held the
Federal Interagency Workshop on Hydrologic Modeling Demands for the 90's in Fort Collins,
Colorado, in June 1993. This highly successful workshop was limited to participants from various
Federal agencies. One of the most significant products of the Workshop was a list of
recommendations for Federal agencies to consider in implementing their hydrologic modeling
research programs. Through the efforts of the Office of Water Data Coordination, some of these
recommendations were adopted to guide interagency modeling activities since then. As we
approach the 21st Century, we need new focus on hydrologic modeling techniques. The rapid
advancement in computer and information technologies has profound effects on time and space
scales of modeling. Not only is real-time modeling now a reality, modeling of large spatial scale
watersheds with complex physical characteristics has also become practical. Federal agencies that
are members of the Interagency Subcommittee on Hydrology expressed a strong desire to
reconvene a modeling conference. The Subcommittee on Hydrology decided that this conference
should be open to all interested parties and that the program should include models addressing
surface water quality as well as quantity issues.

The primary purpose of the 1998 conference was ta promote technology exchange among
governmental agencies, academic institutions and private sectors in hydrologic modeling. The
conference also provided opportunities for hydrologic modelers to share their existing models and
exchange ideas of mode! development into the 21st Century. Major topics for the conference
included new modeling systems from Federal agencies, hydrology, extreme events, river hydraulic
and flow/stage forecasting, river and reservoir systems, erosion and sedimentation, and
environmental/watershed. A model demonstration session was also incorporated in the program.

il



ACKNOWLEDGMENTS

Many people contributed to the success of the workshop. The following persons were
responsible for the planning and organization of the workshop:

Ming T. Tseng, Conference Chair, U.S. Army Corps of Engineers, Washington, DC

Don Frevert, Technical Program Co-Chair, Bureau of Reclamation, Denver, CO

Don Woodward, Technical Program Co-Chair, Natural Resources Conservation Service,
Washington, DC

Doug Glysson, Operation Chair, U.S. Geological Survey, Reston, VA

Jim Thomas, Registration Chair, Bureau of Reclamation, Denver, CO

Robert Brose, Treasurer, Bureau of Reclamation, Bouider City, NV

Arlen Feldman, Technical Program, U.S. Army Corps of Engineers, Davis, CA

Marshall Flug, Technical Program, U.S. Geological Survey, Fort Collins, CO

Abbi Ginsberg, Demonstrations Chair, Federal Highway Administration, Washington, DC
Harvey Jobson, Technical Program, U.S. Geological Survey, Reston, VA

Marlene Johnson, Technical Program, Bureau of Reclamation, Denver, CO

Paula Makar, Registration, Bureau of Reclamation, Denver, CO

Mark Trevifio, Audio-Video Chair, Bureau of Reclamation, Denver, CO

iv



CONTENTS - VOLUME 1

Foreword . ... ii
Preface .. it
Acknowledgments . . ... ... iv
VOLUME 1
SECTION 1 - ENVIRONMENTAL WATERSHED
QUALITY AND QUANTITY
AgNPS§

(Agricultural Non-Point Source)

Alonso, Carlos V.; Theurer, Fred D.; Havis, Robert N. — Simulating Sedimentation
in Salmonid Redds (see Section 8 - Demanstrations)

Chen, C. C.; Lee, C.Y. — Using GIS and AgNPS Model to Study the Water

Resources Conservation of Nan-Haw Reservoir Watershed in Taiwan ... .. .. ... . ... -1
Cronshey, Roger G.; Theurer, Fred D. — AnnAGNPS -Non-Point Pollutant

LoadingModel ...... ... . . . . . . . . . . e 1-9
Geter, W. Frank; Theurer, Fred D. - AnmAGNPS - RUSLE Sheet & Rill Frosion . .. ... ... 1-17
Theurer, Fred D.; Cronshey, Roger G. — AnndAGNPS - Reach Routing Processes . . . ... . .. 1-25

Environmental Watershed Quality and Quantity

Altier, L.S.; Williams, R.G.; Lowrance, R R ; Inamdar, S8.P. —~ The Riparian

Ecosystem Management Model (REMM): Plant Growth Component . . ............. 1-33
Feaster, Toby D. — Utilizing a Langrangian-Eulerian Approach to Water-Quality
Assessment of the Wateree River, South Carolina . ...... ... ... ... ... ... ... 1-41

Garbrecht, Jurgen; Starks, Patrick J.; Williams, Robert — A GIS-Numerical Modeling
Approach to Identify Regions with Suitable Water Resources for a Dual Crop Rotation  1-49
Hsu, Shiang-Kueen; Horng, Ming-Jame; Lee, Yau-Hui — An Integrated

Modeling for Water Resources Munagement Study in Taiwan ... ... ... .. ... ... 1-57
Hung, C. Y. ~ A Dynamic Model for Simulating the Long-Term Transport of

Radionuclides from a Contaminated Land Surface ‘o a Nearby Stream . ... ... ... .. 1-65
Inamdar, Shreeram; Altier, Lee; Lowrance, Richard; Williams, Randy; Hubbard, Robert —

The Riparian Ecosystem Management Model (REMM): Nutrient Dynamics . ... .. ... 1-73

Lowrance, R.; Altier, L.S ; Williams, R.G.; Inamdar, S.P.; Bosch, D.D.; Sheridan, J. M ;
Thomas, D.L., Hubbard, R K. - The Riparian Ecosystem Management Model:

Simulator for Ecological Processes in Riparian Zones . ... ... ... ... ......... 1-81
Mach, Rodney; Thibodeaux, Burnell — An Innovative Approach to Improving

Water Quality Through Stormwater Management ... ... ... ... ... ... ... ... ... 1-89
Nicholson, J. Patrick — Sustainable Soil, Water and Air Quality Mankind's Ultimate

Challenge and Opportunity in the 21st Century ... .. ... ... .. ......... 1-95



CONTENTS - VOLUME 1

Schaffranek, Raymond W. — Simulation Model for Open-Channel Flow and Transport . . . 1-103

Shenk, G. W_; Linker, L.C.; Donigian, A S. - The Chesapeake Bay Program Models . ... 1-111
Slaughter, Charles W.; Goodwin, Peter — Hydrologic Modeling Approaches for
Integrated Management of Stream Systems ... ....... ... ... .. ... 0 .. 1-119
General NPS

Ascough, James C. II; McMaster, Gregory S.; Shaffer, Marvin J.; Hanson, Jon D ;

Ahuja, Lajpat R. — Economic and Environmental Strategic Planning for the

Whole Farm and Ranch: The GPFARM Decision Support System ... ......... . .. 1-127
DilLuzio, M.; Arnold J. G.; Srinivasan, R.; Bingner, R L. - The Combination of a

Rainfall Event Model and a Continuous Simulation Model for a Retter

Assessment of Nonpoint Source Pollution . ... ... ... ... ................. 1-135
Preston, Stephen D.; Smith, Richard A.; Schwarz, Gregory E.; Alexander, Richard B.;

Brakebill, John W. — Spatially Referenced Regression Modeling of

Nutrient Loading in the Chesapeake Bay Watershed ... ... . ... ... . ... 1-143
Truman, Clint; Davis, Frank; Leonard, Ralph — /nfluence of Rainfall Timing and Amount on

Phosphorus Losses Associated with Runoff and Sediment - a GLEAMS Simulation . .. 1-151

SECTION 2 - RIVER AND RESERVOIR SYSTEMS

Major River Systems

Chen, Songsheng; Zhang, Xuecheng ~ Modeling on Closure Discharge of the

Main Stream of TGP . ... .o i e e 2-1
Feng, Xiangming — Effects of Hydraulic Projects in San-Hua Reach of the
Yellow River fo Floodsand Runoff . ........... ... ... .. . . . . . i iiiiinen. 2-7
Wang, Ling; Lin, Yingping; Chu, Yongwei; Cui, Qing — Research on Flow Cut-outs
inthe Lower Yellow River . . ... ... .. .. . .. . .. . . .. ... 2-13
Xiong, Ming;Ji, Xuewu — 4 Comprehensive Summary on the Study of
Flood Stochastic Simulation for Three Gorges Project . ........................ 2-21

Major River Systems/Reservoir System Operation

Hess, Glen W_; Berris, Steven N. — Simulation of Selected Reservoir and
River-Diversion Operations in the Truckee River and Carson River

Basins, Californiaand Nevada . ......... ... . ... ... i i i i, 2-29
Huang, Wen-Cheng; Yang, Fu-Ti — Applicability of Decision Support System for

Reservoir OperationinTaiwan . ....... ... ... ... . . . i, 2-37
3, Xuewu — Flood Disasters and the Three Gorges Projects on the Yangtze . ... ..... ... 2-45

Malers, Steven; Bennett, Ray; Brazil, Larry — Implementing a Water Resource
Planning Model Within The Colorado River Decision Support System ... ....... ... 2-53

vi



CONTENTS - VOLUME 1

Reservoir System Operation -

Bales, Jerad D.; Giorgino, Mary J. - Dynamic Modeling of Water-Supply

Reservoir Physical and Chemical Processes ... ................. ....c........ 2-61
Hayes, Richard J.; Bonner, Vernon R. — Large-Scale Reservoir System Modeling ...... .. 2-69
Jangaard, Loren - Additional Storage Study of Hanson Reservoir, Green River, WA . . . . .. 2-77

Markstrom, Eric J.; Schwartz, Stuart, S.; Steger, Robert G.; Brazil, Larry E.;
Day, Gerald N. — Probabilistic Forecasts in Multiobjective Analysis
Jor Reservoir Operations . .. ... ... ... . i it i e e 2-85

River/Estuary Water Quality

Conrads, Paul A. — Effects of Model Qutput Time-Averaging on the Determination
of the Assimilative Capacity of the Waccamaw River and Atlantic Intracoastal

Waterway near Myrtle Beach, South Carolina . .. ............................ 2-93
Daziedzic, M.; Fernandes, C.; Fill, H.; Tozzi, M. — Environmental Assessment of the

Barigui River Watershed . . ...... ... ... . . . . . . i it 2-101
J. lzurieta D.; A RuizL.;Ma. A. Gomez B.; P. Saldana F.; L. Marquez B.A. Lerdo

de T.; R. Lopez — Water Quality Simulation in the Cazones River, Mexico ...... ... 2-109
Mao, Hongmei; Ye, Shouze; Ji, Xuewu —~ Water Quality Modeling of

Maopingxi Pollution Zone in Three Gorges Project ConstructionZone ... ......... 2-117
Miller, William J.; Theurer, Fred D.; Alonso, Carlos V. — A Computer Model

to Predict Salmonid Fry Emergence ............ ... . i 2-125
Rounds, Stewart; Wood, Tamara — Using CE-QUAL-W?2 to Assess the Ammonia

Assimilative Capacity of the Tualatin River, Oregon .. ........................ 2.133
Thuc, Tran — Development and Application of a Mud Transport and Bed

Evolution Model for Estuary ... .. ... .. ... . 2-141

Wood, Tamara; Rounds, Stewart —Using CE-QUAL-W2 to Assess the Effect
of Reduced Phosphorus Loads on Chlorophyll-a and Dissolved Oxygen in the
Tualatin River, Oregon .. ... ... . e i it 2-149

SECTION 3 - EROSION AND SEDIMENTATION

Bridge Scour and Channel Design

Dou, Xibing, Jia, Yafei; Wang, Sam S.Y.; Jones, J. Sterling — An Alternative

Methodology to Study Local Scour at Bridge Piers . ................c. ..., 3-1
Fripp, Jon B.; Halstead, Kenneth C., Bhamidipaty, Surya; Webb, Jerry W. — Sediment

Transport Analysis of the Athens, Ohio, LPP and a Comparison of Two

Corps Sediment Transport Computer Models . ................ ... ... . ... 3-9
Johnson, Terry L.; Abt, Steven R. — Design of Channel Riprap Using Overtopping
Flow Methods . ... o e 3-17

Richardson, J. R.; Roberts, David M. — Reducing Local Pier Scour by Flow Redirection . . . 3-23

vil



CONTENTS - VOLUME 1

Land Surface Erosion

Bosch, D. D.; Williams, R.G.; Inamdar, S.; Sheridan, J M.; Lowrance, R.R. ~ Erosion

and Sediment Transport Through Riparian ForestBuffers ...................... 3-31
Johnson, Billy E.; Julien, Pierre Y.; Watson, Chester C. — Development of a
Storm-Event Based Two-Dimensional Upland Erosion Model (CASC2D-SED) . . . . ... 3-39

Oliveira, Maria da Gloria Braz de — Analysis of the Temporal Evolution of the
Sediment Production of the Pampulha Watershed and Evaluation

of the Reservoir Silting ... ... . . .. i i i i e e 3-47
Randle, Timothy J.; Yang, Chih Ted — Predicting Sediment Yield From
Arid Drainage Areas . ... .. .. . i i i e e e e 3-55
Sedimentation

Duizendstra, Don; Flokstra, Cor ~ The Necessity of Modeling Non-Uniform
Sediment in an 1-D Morphological Model for a Gravel Bed and a

Sand Bed River in the Netherlands ... ... .. .. .. .. . . i iiinainns 3-63
Klumpp, Cassie C.; Samad, Mohammed A. ~ Stable Channe! Analysis of the

Rio Grande in the Upper Reaches of Elephant Butte Reservoir ................... 3-71
Langendoen, Eddy J.; Bingner, Ronald L.; Kuhnle, Roger A. — Modeling of

Long Term Changes of Unstable Streams . ........... ... i rninnrns 3-79

Lee, Hong-Yuan; Hsieh, Hui-Ming; Lee, Sen-Yuan;Yang, Jinn-Chuang;
Yang, Chih Ted — Numerical Simulations of Scour and Deposition in a

Channel Network . . ... oo e i it i e s e e i, 3.87
Leput, Walter; Park, Howard — HMildebrand Lock & Dam Sedimentation

Problem and Solution .. ... .. .. . . . . e e 3-95
Makar, Paula W.; Strand, Robert 1.; Baird, Drew C. — Geomorphic Analysis

of the Rio Grande San Acacia to the Narrows of Elephant Butte Reservoir . . . . ... .. 3-103
Sanchez, Viola — River Channel Changes Downstream of Cochiti Dam,

Middle Rio Grande, New Mexico . . ... . . . ... i i, 3-111
Shea, Conor; Ports, Michael, Froehlich, David — Alternatives Analysis for Reduction

of Maintenance Dredgingof a Tidal Inlet . ... ... ... . ... . .. ... ... ...... 3-119

Sedimentation in Yellow River

Ke, Sujuan; Zhang, Xuecheng; Lu, Guangqi — Research on Ice Regime in Yellow River . .. 3-127
Peng, Meixiang; Qiu, Shuhui; Zhao, Yingli — Preliminary Analysis of the Influence
of Climate Changes in Current Decade on Water and Sediment in the

Upper and Middle Yellow River . . .. ... ... . . .. .. . i 3-135
Qian, Yunping: Dong, Xuena; Lin, Yinping — Analysis of Characteristics of
Flow and Sediment in the Yellow River ... ..... ... . .. .. 3-143

Xu, Jianhua: Li, Xuemei; Cui, Qing; Zhangzheng, Liu, Zhihong - Inflow and
Sediment Yield of the Yellow River Basin and Sediment Reduction Through
Water Conservation . ... .. ... i i e 3-151



CONTENTS - VOLUME 1

SECTION 4 - EXTREME EVENTS

Drought Analysis

Burke, T.T., Ir.; Rao, A. Ramachandra; Hamed, Khaled — /nvestigation of

Physical Mechanisms Underlying the Predictability of Droughts . .. ... ... ... . ...... 4-1
Chang, Tiao J.; Germain, Richard; Bartrand, Timothy A. — Applications of GIS

JoraDrought Study . . ... ... . e 4-9
Gu, Ying — Application of Simulating Method on the Regional

Drought Analysis . . .. ... 4-17
Zhang, Xuecheng; Zhu, Xiaoyuan — The Application of Mean Value Generation

Function Model in Regional Drought Research . ... ........................... 4-25

Flood Frequency

Dieckmann, Ronald 1.;Dyhouse, Gary R. — Changing History at St. Louis —

Adjusting Historic Flows for Frequency Analysis . ...... ... .. ... ... ........ 4-31
England, John F. Jr,; Salas, Jose D, Jarrett, Robert D. — A Comparison of

Moments-Based Estimators for Flood Frequency Analysis That Incorporate

Historical Information . ... ... ... .. .. .. . . i 4-37
Fan, Shou-shan — Risk in Mitigating Hydrological Disasters . . ...................... 4-45
Kosky, James A. — Hydrologic Modeling of Tygart Lake for Dam Safety Assurance

Evaluation Report . ... .. ... 4-53
Naghettini, Mauro — The Relationship Between Extreme Rainfall Depths and Flood

Volumes Under the Assumption of Fxponentially-Tailed Probability Distributions . . .. 4-61
Peck, Hilaire W.; Duffe, Bruce J. — Cowlitz River Flood Hazard Study . ......... ... .. 4-69
Webb, Jerry W. — Regional Frequency & Exireme Event Analysis, Muskingum

River Basin, QRO . . .. .. it e e e 4-77

Paleo Floods

Jarrett, Robert D. — Paleoflood Investigations for Assessing Extreme Flooding

for Elkhead Reservoir, Northwestern Colorado .. .......................... ... 4-85
Levish, Daniel R.; Ostenaa, Dean A.; O'Connell, Daniel R.H. — Paleohydrologic

Bounds and Low Probability Floods .. ... .. ... .. ... .. ... ... ... ........... 4-93
O'Connel, D.R.H.; Levish, D. R ; Ostenaa, D. A. - Risk-Based Hydrology: Baysesian

Flood-Frequency Analyses Using Paleoflood Information and Data Uncertainties . .. 4-101
Ostenaa, Dean A.; Levish, Daniel R. - Paleohydrology: Long-Term Bounds on

Unwarranted ExtrapolationinModeling .. ........... ... ... . ... ... 4-109

ix



CONTENTS - VOLUME 2

VOLUME I1
SECTION § - NEW MODELING SYSTEMS FROM THE AGENCIES
Corps HEC
{(US Army Corps of Engineers Hydrologic Engineering Center)
Bonner, Vernon, Brunner, Gary — HEC-RAS (River Analysis System) .. ... ... .. ... ..., 5-1
Carl, Robert, Burnham, Michael ~ Next Generation Flood Damage Analysis Program . . . . . 5-9
Davis, Darryl W. — The HEC Nexgen Software Development Project . . ... ............. 5-17
Peters, John C.; Feldman, Arlen D. — Hydrologic Modeling System (HEC-HMS) ... ... ... 5-25
Corps WES

(US Army Corps of Engineers Waterways Experiment Station)

Charley, William J.; Pabst, Arthur F. — Hydrologic Engineering Center NEXGEN

Data Storage System (HEC-DSS) ... ... ... . . . . .. . 5-33
Holland, J. P. — Overview of Hydro-environmental Modeling and Simulation

Systems for the U.S. Department of Defense . ........... .. ... .. .. . i 5-4]
Lin, H.C. Jerry; Richards, D. R.; Choate, M. — Surface Water and Groundwater

Interaction Modeling of South Florida . ........ .. .. ... .. . . iiiierinnn. 5-49
Richards, D.R. — Integration of Riverine, Estuarine, and Coastal Models into the

Surface Water Modeling System . .......... ... .. ... i, 5-57

USBR and USGS WARSMP

(US Bureau of Reclamation and US Geological Survey
Watershed and River Systems Management Program)

Davidson, P.; King, D. L.; Ozga, J.; Simons, J. — Watershed and River Systems

Planning Model in the San Juan River Basin, Colorado . .. ..................... 5-65
Fulp, Terrance J.; Frevert, Don K. — Watershed and River Systems Management

Program: Current and Future Applications in the Bureau of Reclamation . ..... .. .. 5-71
King, D. L.; Parker, R. S.; Kuhn, Gerhard — River Operations Modeling in the

San Jugn River Basin . . ... ... i 5-79

Kuhn, Gerhard; Parker, R. S.; Hay, L. E.; Leavesley, G. H. — Precipitation Distribution
Alternatives in Applying the Modular Modeling System in the San Juan River Basin,
Colorado and New Mexico . ... ..o ittt et e e 5-85

Leavesley, G. H.; Markstrom, S. L.; Brewer, M.S,; Viger, R. J. -- The Modular Modeling
System (MMS) - The Physical Process Modeling Component of the Watershed

and River System Management Program . .......... ... . i, 5-93
Lins, Harry; Frevert, Donald — The Watershed and River Systems Management

Program -An OVerview ... ... ..ot 5-101
Vacearo, . J.; Lynch, C. J.; Schurr, K. M.; Sharp, W.; Mastin, M.C.; Schramm, D. -

The Yakima River Basin Watershed and River System Management Program . . .. . .. 5-105
Zagona, Edith A_; Fulp, Terrance J.; Goranflo, H. Morgan; Shane, Richard M. —

RiverWare: A General River and Reservoir Modeling Environment .. ............ 5-113



CONTENTS - VOLUME 2

SECTION 6 - RIVER HYDRAULICS AND
FLOW/STAGE FORECASTING

Flood Forecasting

Croley, Thomas E., I1 — Great Lakes Advanced Hydrologic Prediction System ........ ... 6-1
Davis, Darryl W.; Pabst, Arthur F. — Modernizing the US Army Corps of Engineers

Water Control Data System . . . . ... ... ... e i 6-9
Epstein, D. I.; Welles, E.; Day, G. N. -- Probabilistic Hydrologic Forecasting

Methodsand Tools ....... ... . . i i i iiann. 6-17
Knapp, H. Vernon; Rice, William W. — Application of a Continnous Simulation

Watershed Model for Near Real-Time Flow Forecasting and Dam Operations . . . . ... 6-25
Lai, Chintu; Wang, Tsan-Wen; Hsu, Nien-Sheng; Hsu, Shiang-Kueen —

A Comprehensive Flow Model for Flood Forecast/Hindcast for Tidal Reaches . . . . . .. 6-33
Larson, Lee; Welles, Edwin — A Summary of the National Weather Service

Advanced Hydrologic Prediction System Demonstration in Des Moines, Iowa . . . .. . .. 6-41
Markus, M.; Salas, J. D. — Comparing Methods for Forecasting Total Summer Flows

on Tributaries of the Colorado-Big Thompson System . . .. ...................... 6-49

Matthews, David; Hartzell, Curtis; Super, Arlin; Carroll, Tom; Schaake, John —
Integration of Quantitative Precipitation Forecasts with Hydrologic Models

and River Basin Decision Support Systems . ... ........ ... ... .. ... . . ... 6-57
River Hydraulics

Allison, Rebecca R. — Development of an Unsteady Flow Hydraulic Mode! of the

Lower Missouri River .. ..... ... .. . . . 6-65
Babayan, A. V.; Nadolin, K.A. — Modeling Substance Spreading in 2-D (in plane)

Steady Stream .. ... ..o 6-73
Cheng, Haiyun; Rui, Xiaofang — An Analytical Diffusion Model and Its Application

to Water Level FOrecast . . .......... it iiinneaean e, 6-81
Denlinger, Roger P.; Walters, Roy A ; Levish, Dan; Ostenaa, Dean — Robust Methods

Jfor Flood Routing Over Highly Irregular Terrain . ... ................. ... .. ... 6-89
Gee, D. Michael; Tseng, Ming T. — Unsteady Flow Model for Forecasting

Missouri and Mississippi RIvers ... ... 6-97
Holtschlag, D. 1., Grewal, M.S. — Estimating Ice-Affected Streamflow by Extended

Kalman Filtering . .. .. .. e e 6-105
Pridal, Daniel; Knofczynski, Joel — Missouri River Forecast Model From Gavins Point

Damto Rulo, Nebraska . . . . ... e e e e i e 6-113
Walters, Roy A. — 4 Finite Element Model with Moving Boundaries. Application

toFloodsand Runup . . . ... ... .. e 6-121
Winer, Harley — UNET Model of Connected Estuaries in Coastal Louisiana . ... ... .. .. 6-129
Wu, Reuy-Bean; Chang, Yao-Tser; Cheng, Yih-Pin — 7wo-Dimensional Floodplain

Modeling of Riversin Taiwan ... ... ... ... . . i i i 6-137

xi



CONTENTS - VOLUME 2

SECTION 7 - HYDROLOGY

Data Input for Models
Davinroy, Robert D.; Gordon, David C.; Kreighbaum, David W. — Remote Sensing of
Detrimental Flow Conditions at Lock and Dam 24, Upper Mississippi River . .. .. ... .. 7-1
Flug, Marshall; Seitz, Heather L.H.; Scott, John — A Data Gathering Technique for
River Resource Identification .. ... ... .. ... . . . . i iiiriiin it innnnnnn. 7-9

Inamdar, Shreeram; Sheridan, Joseph; Williams, Randy; Bosch, David; Lowrance, Richard,
Altier, L.S.; Thomas, Dan — The Riparian Ecosystem Management Model (REMM):

Evaluation of the Hydrology Component ... ...... .. ... ... iiiiiuiiannnnn. 7-17
Straub, Timothy D.; Parmar, Paminder S. — Comparison of Rainfall Records Collected
by Different Rain-Gage Networks . ...... . ... ittt 7-25
GIS Hydrology

Bullard, Kenneth L. — Boise Five Mile Drain - Future Flooding and Old Canal Crossings . 7-33
Chen, Wilson Huaisheng; Beschta, Robert L. ~ Equivalent Rectangle Simplification

(ERS) Method and Its Application in a Distributed Hydrologic Model .. ........... 7-41
Evans, Tom; Pabst, Art — Standard Hydrologic Grid in Spatial Hydrologic Modeling . . . . . 7-49
Evans, Tom; Peters, John; Brunner, Gary — GIS Data Exchange for Hydraulic and

Hydrologic Modeling . ... ... .. . . . . . . . . . 7-53
Kelly, Glenn G. — Estimating Water Storage Potential in the Devils Lake Watershed Using

High—Resolution, 7.5-minute U.S. Geological Survey Digital Elevation Models . . . . .. 7-57
Quimpo, Rafael G.; Al-Medeij, Jaber — Automatic Watershed Model Calibration

with Geographic Information Systems ... ... .. ... . . . 7-65

Viger, R. J. Markstrom, S. L.; Leavesley, G. H. — The GIS Weasel - An Interface for the
Treatment of Spatial Information in Watershed Modeling and

Water Resource Management .. .......... ... . . . . ... i, 7-73
Webb, Jerry W. — ModClark Model Development, Muskingum River Basin, Chio . .. ... .. 7-81

Hydrologic Modeling
Chen, Zhiming — A Conceptual Monthly Rainfall Runoff Model . ... ................. 7-89

Cheng, M.S.; Weinstein, N.; Victoria, C. — Landscape Assessment of Wetland
Functions (LAWF): A Geographic Information System (GIS) Model

Jor the Evaluation of Wetland Functions . .......... .. ... ... ... ... ... ... 7-97
Garen, David C.; Marks, Danny — Spatially Distributed Energy Budget Snowmelt

Modeling in Mountainous Regions of the Western United States ... .............. 7-101
Jackson, Thomas J. — Satellite Based Soil Moisture Measurement for

Hydrologic Modeling . ........ ... . . . . . 7-107
Kittle, John L.; Hummell, Paul R.; Duda, Paul; Lumb, Alan M. — A Modular Approach to

Interactive Watershed Modeling ... ... .. ... .. .. . . . .. . .. .. .. 7-115

Prasad, S. N.; Romkens, M.JM; Helming, K. — Rain Infiltration into Cracking Soils . ... 7-123

xii



CONTENTS - VOLUME 2

Savabi, M. R.; Richardson, C.W. — Modeling Infiltration and Storm Runoff

Jfrom Soils With Shrinkage Cracks .. ... ... . i i, 7-131
Schumann, Andreas H.; Garen, David C. - Spatially Distributed Hydrologic

Modeling for Streamflow Simulation and Forecasting . ... ..................... 7-139
Sun, G.; Riekerk, H.; Comerford, N.B. — Modeling the Hydrology of Wetland-Upland

Systemsona Flat TerraininFlorida . .. ...... ... .. ... . .. . . . i, 7-147
Van Mullem, Joseph A. — Modeling Prairie Snowmelt Runoff .. .................. .. 7-155
Zarriello, Phillip J. — Comparison of Nine Uncalibrated Runoff Models ta Observed

Flows in Two Small Urban Watersheds ... ........... .. .. ... . .. .o .... 7-163

DEMONSTRATIONS

(Those identified with an * are also oral presentations and are located in the previous sections of the procvedings.)

Alonso, Carlos V; Theurer, Fred D.; Havis, Robert N.

Simulating Sedimentation in Salmonid Redds . .. .............. ... ... ... ....... 8-1
Bingner, R. L.; Butoi-Stanescu, O.; Rodrique, P.B.

Internet-Based Decision Support Systems of Hydrology Tools for Wetland

Determination . . .. ... . e e 8-9
Binger, R. L.; Darden, R W.; Theurer, F.D.; Alonso, C.V.; Smith, P.

AnnAGNPS Input Parameter FEditor Interface ... ... ... .. ... ... ... . ... 8-15
*Bonner, Vernon R_; Brunner, Gary

HEC-RAS (River Analysis Systent) . . .. .. ... . i, 5-1

Bowie, Randy, Khan, Abdul; Jia, Yafei;, Wang, Sam
CCHE2D: 4 Two-dimensional Free Surface Flow and Sediment Transport Model for

Natural RIvers . .. ... oo i 8-19
*Carl, Robert; Burnham, Michael
Next Generation Flood Damage Analysis Program .. ......... ... ... ... ... ..... 5-25

*Chen, Wilson Huaisheng; Beschta, Robert L.

Equivalent Rectangle Simplification (ERS) Method and Its Application in a

Distributed HydrologicModel . . ....... ... .. ... . ... .. . . .. 7-41
Doe, William W. III; Julien, Pierre Y., Ogden, Fred L,; Johnson, Billy E.

Spatially Distributed Modeling of the Hydrologic Effects of Mechanized

Maneuvers on Military TrainingLands ... ...... .. ... ... ... . i, 8.27
Flerchinger. G. N; Hardegree, S.P.; Johnson, G.L.

The Simultaneous Heat and Water (SHAW} Model: A Research Tool for

Management Decisions . ......... ... . i i 8-35
Garcia, Luis; Patterson, David; Bender, Metlynn; Kinerson, Russell
Development of Water Quality Modeling Framework ... .......... ... ... . ... 8-43

Ishii, A. L.; Charlton, T.J; Ortel, T.W., Vonnahme, C.C.

Modeling System for Near Real-Time Flood Simulation for Salt Creek in

Du Page County, IIlinois .. . ..., ... o i 8-51
*Kittle, John L.; Hummell, Paul R.; Duda, Paul; Lumb, Alan M.

A Modular Approach to Interactive Watershed Modeling . ..................... 7-115

xii



CONTENTS - VOLUME 2

Kjelds, Jesper T.

Flood Plain Management, Integrating Numerical Modelsand GIS .. .............. 8-59
Lane, W. L.; Frevert, D. K ; Salas, J. D.; Chung, C. H.

Modeling of River Systems Using the SAMS Package . ......................... 8-65
Larson, Roger; Labadie, John; Baldo, Marc

MODSIM Decision Support System for River Basin Water Rights Administration . . . .. 8-73

*Leavesley, G. H.; Markstrom, S. L.; Brewer, M.S; Viger, R. J.

The Modular Modeling System (MMS) - The Physical Process Modeling

Component of the Watershed and River System Management Program ............. 5-93
*Lowrance, R.; Altier, ..S.; Williams, R.G.; Inamdar, S.P.; Bosch, D.D.;

Sheridan, J. M.; Thomas, D L.: Hubbard, R K.

The Riparian Ecosystem Management Model: Simulator for Ecological

Processes in Riparian Zomes .. . ... .. ... . . .. . . i i i-81
*Malers, Steven; Bennett, Ray; Brazil, Larry

Implementing a Water Resource Planning Model Within The Colorado

River Decision Support System . ... . . . . o 2-53
Manno, Laura; Crawford, Norman
Hydrologic Forecast and Analysis Modeling (HFAM) . . ......... .. ... ... ..... 8-81

Parker, Nancy L., Patterson, David A
PC HYDROSS Simulation System (PCHSS) A Graphical User Interface for the

HYDROSS Model . . ... ... e e 8-89
*Peters, John C.; Feldman, Arlen
Hydrologic Modeling System (HEC-HMS) ... ... . . i i i, 5-17

Schornick, James

The U.S. Geological Survey Hydrologic Analysis Support Section Software

Support Services for Hydrologic Modeling and DataAnalysis ... ................. 8-95
Scott, John; Flug, Marshall

Modeling with MODSIM: Klamath River Water Quantity for Protecting

Fish and Other Resource Values ... .. ... ... .. .. ... . .. . e iiiiiiinnn. 8-103
Thurman, Jane L.; Roberts, Ralph T.

Preparing the ARS Water Database for the Twenty-First Century ................ 8-111
Vieira, Dalmo A.; Langendoen, Eddy J.; Bingner, Ronald L.

FRAME - An Integrated Modeling System of Channel and Landscape Processes .. .. 8-117

*Walters, Roy A.

A Finite Element Model with Moving Boundaries: Application to Floods and Runup . 6-121
Weghorst, Paul, Ferrari, Ron; Nuanes, Sharon

Using ARC/INFQ to Process and Analyze Reservoir Hydrographic

Survey INformation . ... ... .. 8-125
Williams, R. G.; Lowrance, RR; Altier, L. S_; Inamdar, S. P.

Riparian Ecosystem Management Model (REMM): A Demonstration ............ 8-133
Wisbith, Stanley M.; Buelow, David P.

Ohio River Division Real-Time Modeling/Forecasting System .. ................. 8-139
Yang, Chih Ted; Trevino, Mark A.; Simoes, Francisco J.M.

An Enhanced Generalized Stream Tube Model for Alluvial River Simulation . . . .. .. 8-143
*Zagona, Edith A.; Fulp, Terrance; Goranflo, H. Morgan; Shane, Richard M.

RiverWare: A General River and Reservoir Modeling Environment .. ... ... ... .. 5-113

Xiv



AnnAGNPS-REACH ROUTING PROCESSES

By Fred D. Theurer, Agricultural Engineer, Natural Resources Conservation Service, Beltsville, MD;
Roger G. Cronshey, Hydraulic Engineer, Natural Resources Conservation Service, Beltsville, MD

Abstract: The single-event AGricultural Non-Point Source Pollution (AGNPS) computer model has been replaced
with a continuous simulation version called AnnAGNPS (Annualized AGNPS). AnnAGNPS will predict pollutant
loadings (PL) anywhere within the watershed and identify their proportional contributions from selected points of
origin. The reach routing processes are the set of technical procedures used to determine the fate & transport of the
PL's once they are in the stream system.

The reach routing processes in AnnAGNPS track the fate & transport for the: (a) five sediment particle-size classes
(clay, silt, sand, small aggregate, & large aggregate); and (b) absorbed and dissolved forms of the major chemical
pollutants (nutrients, pesticides, & organic carbon). An accounting procedure is included that keeps track of the
amount originating from within a field or stream reach of any given PL by erosion type or chemical form that arrives
at any downstream point in the watershed.

The graphical peak discharge method in the Soil Conservation Service’s TR-55 is limited to watershed drainage
areas whose time of concentrations (Tc) do not exceed 10 hours (approximately 200 sq. mi.) and rainfall (P) to
runoff relationships whose initial abstraction (Ia) is less than 50 percent of the rainfall (0.1 <=Ia/P <= 0.5).
AnnAGNPS needs to operate satisfactorily for drainage areas up to 1000 sq. mi. (Tc's up to 48 hr) and rainfall-runoff
relationships that range between no runoff to total runoff (0 <=1a/P <=1). An extension of TR-55 is used to meet
these requirements.

The sediment reach routing process accounts for deposition when there is an oversupply of a particular sediment
class, and degradation when the particular sediment particle-size class transport is supply-limited and is available in
the bed & bank. Amounts of erosion by type (sheet & rill, bed & bank, and gully) are tracked throughout the reach
routing process. This allows the user to determine from where any particular sediment particle-size class originated
by erosion type, and how much.

The major chemical reach routing processes have been updated to include partitioning between absorbed and
dissolved states. The reach routing processes include: (a) the fate & transport of nitrogen & phosphorus; (b) a
separate reach routing routine for arganic carbon; and (c) the fate and transport for an unlimited number of
individual pesticides.

INTRODUCTION

The reach routing processes are used in AnnAGNPS (Cronshey & Theurer 1998). Sediment from sheet & rill
erosion is determined according to RUSLE (Geter & Theurer 1998). The results from AnnAGNPS are designed to
be used by the other computer models such as the sediment intrusion into salmonid redds model (Alonso et al 1998)
and the fry emergence model (Miller et al 1998).

The reach routing processes are assumed to be in an enclosed control volume. All inputs are total amounts (water,
sediment, & chemicals) entering at the upstream end only. Chemicals are equilibrated—equilibrium balance
between dissolved & adsorbed chemicals—immediately before routing begins. Sediments are routed by particle-size
class where each particular size-class is deposited, more entrained, or simply transported unchanged depending upon
the amount entering the reach, availability of that size class in the bed & banks, and the transport capacity of each
size class. The chemicals are re-equilibrated at the downstream end to reflect possible changes in either the amount
of water or fine sediment.

PL computer models require a water model component. The water model components needed by watershed-scale PL
models must include a simple peak discharge procedure. A very simple and precise procedure with accepted
credibility is the unit peak discharge (UPD) procedure included in Chapter 4, TR-55 (SCS 1986). However, TR-55
was developed primarily for use as an engineering field-level design tool rather than for inclusion in PL continuous-
simulation, field- & watershed-level computer models. While applicable for the range of conditions for which it was
developed, TR-55 does not cover the total range needed for such PL models.

1-25



HYDRAULICS

Ret;tangular shape o:hannc]s offer computational efficiencies, especially when coupled with unit-width assumptions.
Unit-width means dividing the respective parameter by the top width at the surface of the flow area.

For the hydraulic radivs, use the hydraulic depth; i.e., let:

dy =R=A/W Equation }
where: d,, = hydraulic depth, m;
R = hydraulic radius, m;
A = flow area, m’; and
W = flow width, m.

To solve for the velocity of flow when given the hydraulic depth of flow, use:
vu = (1n)d, 25,2 Equation 2

where: v, =flow velocity of water, m/s;
n = Manning's retardance;
d,, = hydraulic depth, m; and
S, = channel slope, m/m.

To solve for the hydraulic depth and velocity when given the discharge, use:

dw - [(n.qw)!(snlﬂ.)]o-ﬁ - O.G'SO-O.J‘qwﬂ,é
vy = Qu/(W-d,) = qu/dy Equation 3

where: d,, = hydraulic depth, m;
vy = flow velocity of water, nvs;
W = flow width of flow area, m;
n = Manning's retardance;
Q. = water discharge, m'/s;
gw = Qu/W, unit-width water discharge, m*/s/m; and
S, = channel slope, m/m,

And the term d,-Sg, derived from Equation 4, will be used in subsequent formulas:
dwSo = 1457, Eqguation 4

where: d, = hydraulic depth, m;
v, = flow velocity of water, m/s;
W = flow width of flow area, m;
n = Manning's retardance;
Qv = Qu/W, unit-width water discharge, m*/s/m; and
S, =channel slope, m/m.

HYDROLOGY

Peak Discharge: The following set of regression coefficients were generated using the Extended TRS5 (Theurer &
Comer 1992) procedures and curve-fitted using TableCurve 2D version 4 by Jandel. UPD's were calculated for
ninety-six [,/P24's at 0.0! increments of [/Py4 from O to 0.95 (0 <= [,/P»: <= 0.95) and forty-one T,'s from 0 to 48
hours using NEH-4 procedures (S8CS 1972). The UPD at 1,/P, equal one is zero because there is no surface runoff.
The resulting data sets [(96+1)*41=3977 element values for each of the rainfall distribution types] became the basis
for the extended TR-55 regression equations, error analyses, and subsequent findings. The mean error of the
regression equations with respect to the NEH-4 (SCS 1972) values over the entire range of [,/Py & T. conditions is
approximately 0.5% and the standard deviation is less than approximately 2%. Table 1 show regression coefficients
for each rainfall distribution. While AnnAGNPS uses [/P,4 increments of .05, only increments of 0.20 are shown

in Tabie 1.
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0.00

Table 1: Unit Peak Discharge Regression Coefficients

8.191203E-01

i

C

d

e

T

2.098577E+00

1.420600E-01

6.403418E-02

-1.798058E-03

-0.69 1654E-04

0.20

2.881040E-01

2.269473E+00

3.648846E-02

3.394364E-02

1. 194882E-03

3.185709E-03

0.40

4.209120E-02

2.107367E+00

1.253109E-02

2.416456E-02

1.257576E-03

7.818349E-03

0.60

4.166588E-03

2.719060E-02

1.080675E-04

3.126468E-03

7.904181E-06

1.235070E-04

0.80

1.358244E-03

4.526567E-02

9.085505E-05

9.939561E-03

2.978380B-07

0.006000E+00]

(Ia)

0.00

2.593320E-01

6.463246E-01

2.573810E-02

7.243833E-03

2.161611E-05

1.398574E-04

0.20

7.630642E-02

6.560184E-01

2.566400E-03

-6.452636E-03

6.961028E-04

1.709310E-03

0.40

9.523307E-03

3.028293E-02

2.788554E-04

2.240374E-03

1.933978E-05

1.080512E-04

0.60

4.480394E-03

7.302563E-02

3.394787E-04

6.287665E-03

2.609098E-05

4.407477E-04

0.80

1.741268E-03

8.602862E-02

1.642964E-04

1.576832E-02

2.481447E-07

(.000000E+00

(ID)

0.00

1.519530E+00

2.112862E+00

7.955306E-02

6.263867E-02

8.513482E-03

6.758214E-03

0.20

6.687890E-01

2.523586E+00

1.716150E-02

1.954410E-02

2.808914E-03

6.678482E-03

0.40

2.272377E-04

3.907665E+00

3.468720E-02

1.245753E-01

9.446148E-04

6.197919E-03

0.60

1.690395E-02

2.321569E+00

8.300435E-03

7.991502E-02

4.118532E-04

7.692973E-03

0.80

1.042173E-03

-1.020764E-04

-3.811053E-06

2.367960E-03

9.35G939E-09

-3.038358E-05

0.00

9.357636E-01

1.368530E+00

7.585186E-02

5.733524E.02

5.252073E-03

4.195782E-03

(I11)

0.20

4.129800E-01

1.675525E+00

3.451340E-02

5.583967E-02

8.903714E-04

2.210996E-03

0.40

1.218296E-01

2.203114E+00

2.877259E-02

1.196262E-01

3.657518E-04

2.572314E-03

0.60

1.103889E-02

7.637374E-01

2.652503E-03

3.138008E-02

2.008206E-04

3.555352E-03

0.80

1.130600E-03

1.856640E-02

-1.738106E-05

1.191404E-03

2.667614E-06

1.966816E-04

3
(Untform)

0.00

4.161024E-02

-2.291070E-02

-8.630791E-04

6.634947E-04

1.701998E-05

2.227598E-06

0.20

2.878569E-02

8.682334E-02

2.068012E-03

4.156828E-03

7.760004E-05

1.814001E-04

0.40

1.699438E-02

8.378853E-02

8.549266E-04

5.301781E-03

4.058543E-05

2.325788E-04

0.60

9.214130E-03

1.278936E-01

6.050135E-04

1.159786E-02

4.280640E-05

7.157927E-04

0.80

3.838705E-03

2.412793E-01

4.980051E-04

4.502355E-02

4.258091E-07

0.000000E+00

)
(11-a60)

0.00

2.88G749E+00

3.273784E+00

1.446065E-01

1.008957E-01

0.000000E+00

0.000000E+00

0.20

1.369500E+00

5.0644538+00

4.248368E-02

6.499361E-02

1.513193E-03

3.541284E-03

0.40

6.334482E-01

1.025432E+01

8.351263E-02

3.603484E-01

-7.26070Q0E-05

0.000000E+00

0.60

6.916727E-02

9.339188E+00

2.710800E-02

2.062739E-01

-1.364500E-04

0.000000E+00

0.80

6.231650E-04

-3.411600E-05

1.982740E-06

t.572730E-03

5.316790E-07

3.229390E-05

(II-a65)

0.00

3.105260E+00

3.109283E+00

1.921849E-02

2.5358174E-03

0.000000E+00

0.000000E+00

0.20

1.545424E+00

5.073367E+00

4.194001E-02

1.385273E-01

6.308 154E-03

1.344247E-02

040

-3.89279E-01

2.625254E+00

~-8.147355E+00

3.551340E-01

-1.974840E+00

-6.946600E-04

0.60

1.437442E-01

1.328429E+01

3.844520E-02

3.615560E-01

-1.330700E-04

(.000000E+00

0.80

6.041370E-04

-1.627500E-05

-3.202300E-06

9.379760E-04

4.116320E-07

2.514860E-05

8
(II-a70)

0.00

3.431447E+00

3.225395E+00

1.107677E-02

0.000000E+00

0.000000E+00

0.000000E+00

0.20

1.839241E+00

5.556090E+00

5.400739E-02

2.103572E-01

1.038225E-02

2.210380E-02

0.40

7.815830E-01

8.413013E+00

3.026382E-02

4.524973E-02

-4.612800E-04

-1.478290E-03

0.60

2.420561E-01

1.570367E+01

4.432599E-02

4.906144E-01

-9.166000E-05

0.000000E+00}

0.80

6.652130E-04

7.173470E-06

-2.262900E-05

-4,840000E-04

8.703930E-07

6.233150E-05

(11-a75)

0.00

3.774411E+00

3.3406085E+00

5.425804E-03

0.000000E+00

0.000000E+00

0.000000E+00

0.20

1.997334E+00

5.379884E+00

1.185453E-01

4.992425E-01

2.332722E-02

4.056452E-02

0.40

8.924026E-01

8.062642E+00

1.867840E-02

0.565487E-02

2.095755E-03

1.197524E-02

0.60

3.367238E-01

1.578486E+01

4.151122E-02

5.062234E-01

-4.802100E-05

0.00000CE+-00

0.80

1.123760E-03

9.764010E-03

-1.679900E-04

-6.336630E-03

1.133440E-05

8.685300E-04
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The general form for the regression equation to calculate the peak discharge is:

Q,=2717177778-10° - B, - D, -

“"'(c':’:)*(e'l‘f] B |
1+(b.22)+(d-1;2)+(f'11-3] Equation 5

where: Q, = peak discharge, m3;'s;
D, = total drainage area, hectares;
Py =24-hour effective rainfall over the total drainage area mm;
T, = time of concentration hr; and
a, b, ¢, d, e, & fare the regression coefficients for a given /Py, and rainfail distribution type.

Time of Copcentration: Time of concentration is calculated according to the procedures described in TR-55 (SCS
1986).

Hﬂmm A triangular shape is assumed. Since the sediment transport is only concerned with the
duration for an average discharge, the time to peak is not important and a right triangle was used to calculate the
sediment transport.

The time to base of the hydrograph (duration of surface runoff event) is:
t, = 20(R-DYQ,) Equation 6

where: Q, = peak discharge, m’/s;
D, =total drainage area, hectares;
R = surface runoff volume from upstream drainage area, mm; and
f, = time to base, s.

The hydrograph as a function of time is:
Qu=(Qyt)t, for0<tst, Equation 7

where: Q,, =discharge as a function of time, m*/s;
Q, = peak discharge, m'/s;
t, =time to base, s; and
t  =time from beginning of runoff, s.

And the unit-width peak discharge is:

qp = Q/W Equation 8
where: g, = unit-width peak discharge, m’/s/m;
Q, = peak discharge, m*/s; and
W = flow width, m.
SEDIMENT YIELD

Al sediment routing in the concentrated flow channels is performed by the five particle-size classes (sand, large &
small aggregates, silt, and clay) and for each increment of the hydrograph.
If the sum of all incoming sediment (g,) is greater than the sediment transport capacity (q,.), then the sediment
deposition algorithm is used. If that sum is less than or equal to the sediment transport capacity, the sediment
discharge at the outlet of the reach (g,;) will be equal to the sediment transport capacity for an erodible channe! (by
particle-size}. Otherwise, if the upstream sediment discharge (q,) is less than or equal to the sediment transport
capacity (q,) and the channel is non-erodible for that particular particle-size, the downstream sediment discharge
(Qs2) is assurned equal to the upsiream sediment discharge (q,).

o I (qq-qsc) S O & the bed is erodible for the particular particle-size class, then q,; = qy; or

¢ if (gy-Qs) € 0 & the bed is non-erodible for the particular particle-size class, then q,; = g,;; or

s if (g -qs) > 0. then the sediment deposttion algorithm 1s used.
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Sediment Concentration: The definition for sediment concentration is:

C,=5/W Equation 9
where: C, = sediment concentration, Mg-sediment/Mg-water;
S = sediment mass, Mg; and
W = water mass from upstream drainage area, Mg.

Sediment concentration is assumed to be constant throughout the hydrograph; therefore, the sediment load for a
given discharge at any time during the runoff hydrograph is:

Q= G Ow Equation 10

where: C, =sediment conceniration, Mg-sediment/Mg-water;
q, = unit-width sediment load, Mg/s/m; and
q, = unit-width water discharge at any time, Mg/s/m;

Sediment Transport Capacity Algorithm: The sediment transport capacity (g,) and the unit-width water discharge

(g.) are based upon the parameters at the upstream end of the reach (x;).

The shear velocity. assuming unit-width, is based upon the parameiers at the upstream end of the reach (x;) and i3
defined to be:

Us = [gduS)'? = g**n02.8.2%.q,%* Equation 11
where: d,, = hydraulic depth at x;, m;
g = gravitational constant, 9.81 m/sec’;
n = Manning's retardance;
gy = unit-width water discharge at any time, Mg/s/m;
S. = channel slope, m/m; and
U. = shear velocity at x;, m/s.

For clay, silt, and small aggregates, use A = 1; for sand and large aggregates, use:
A= [(6-v (e Ua))/{ 1-exp[-(6-v)/ (- Us)1} Equation 12

where: A = constant of proportionality, for any flow and particle-size, between the depth-average suspended
sediment concentration and the concentration at the laminar sub-layer plane, non-dimensional;
K = von Karman's turbulent-flow mixing-length constant (assume 0.4), non-dimensional;
U.= shear velocity at x;, m/s; and
v = particle fall velocity (see Table 2) , m/s.

For each particle-size, the sediment transport capacity is:
Qe = kv 2 v Equation 13

where: q. = unit-width sediment transport capacity, Mg/s/m;
k = transport capacity factor (see Table 2}, non-dimensional;
7 = bed shear stress; Mg/m®
v, = flow velocity of water, m/s; and
v; = particle fall velocity (see Table 2), m/s.

The bed shear stress can be computed as follows:
1 =Yode- S, Equation 14

where: T = bed shear stress; Mg/m®
Yo = 1.00, water density, Mg/m®;
d, = hydraulic depth at x;, m; and
S. = channel slope, m/m.

Table 2 contains the physical properties for each particle-size class (note D, is in millimeters and v is in millimeters
per second).
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Table 2: Particle-size Class Physical Properties (after Young et al 1987)

Particle-size Class | Particle Size{ Particle Fall Transpor—tEapacity Equivalent [
l(iang)e Df;;g:/tygq}ru) Ve:ocli]:}y ){'v,) Factor (vp) Sand Size (D)
mm). . m mm/s) | . (mm)
cla <0.002 2,60 3.11-10° 6.242-10" 2.00:10°
sill (.002-0.050 2.65 8.02-10° 6.053-10°7 1.00-10°
sand 0.050-2.000 2.65 2.31-10" 6.053-107 2.00-10"'
small aggregates (SAGG) | 0.020-0.075 1.80 3.81-10" 12.478-107 3.51.107
Ilarge agért:a:ates (LAGG) | 0.200-1.000 1.60 1.65-10" 16.631-107 5.00-10"

Converting v in millimeters per second to meters per second, and using Equation 13 results in:

C =322-k-Yu/ve and
Qs = Cn 8.5, g, Equation 13
where: .. = unit-width sediment transport capacity, Mg/s/m;
C = particle-size class constant for the sediment transport capacity (see Table 3), Mg-s/m*;
k = transport capacity factor (see Table 2), non-dimensional;
n = Manning's retardance;
qy = unit-width water discharge, m’/s/m;
8. =channel slope, m/m.
v = particle fall velocity {see Table 2), mm/s; and
Y, = 1.00, water density, Mg/m".

Using Equations 7, 8, & 15, the 1o1al sediment ransport capacity for the hydrograph is:
"8 -06 _ ¢l3 14 ;
S, =_L (W -q_\_L_)dr=W Cn 'SO q, 'tbf2.4 Equation 16

where: € = particle-size class constant for the sediment transport capacity (see Table 3}, Mg-s/m*
n = Manning's retardance;
Qe = unit-width peak discharge, m'/sim;
gs= unit-width sediment transpart capacity, Mg/s/m;
S, = total sediment transport capacity mass, Mg.
8, =channel slope, m/m,
t = time from beginaing of runoff. s;
t, = time to base, s; and
W = flow width, m.

Table 3 contains the sediment transport capacity constants for each particle-size class (note D, is in millimeters and
v¢ Is i millimeters per second).

Table 3: Particle-Size Class Sediment Transport Capacity

_Class (mm) .| Mg/m®) | (mmis) | _ | Mgsmh
clay 2.00-10° 2.60 | 311107 | 6.242-107 | 2.0071-10™
silt 1.00-10™ 265| 802107 | 6053107 [ 7.5474.10°7
sand 2.00:10" 2.65 | 231107 | 6.05310° | 2620310
SAGG 351102 1.80 [ 381007 | 1248107 [ 3.2756.10°"
LAGG _5.00-10‘1 1.60 [ 1.6510" | 1.663.10° | 1.0079-t0**

Sediment Depgsition Algerithm: The sediment routing for each reach is done using the unit-width, stcady-state,
uniform, spatiatly-varied sediment discharge model.

The sediment routing for all reaches will be the same. All upstream sediment discharges (q;) will be the sum of all
incoming sedimen! from upstream reaches plus the local sediment associated with the upstream end of the current
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reach. Primary cell upstream sediment discharges {(q,;) wiil consist only of local loadings since there is no incoming
sediment from upstream reaches to a primary cell.

Gsz = QueH(Qa1-450)-exp(-Ny)] Equation 17

where: A = Einstein’s constant of propettionality, non-dimensional;
L, =distance from x, to X, m;
Ny = (A-vyL;)/q., deposition number. non-dimensional;
gs; = unit-width sediment transport capacity, Mg/s/m;
qa = upsiream unit-width sediment discharge at x, Mg/s/m;
(52 = downstream unit-width sediment discharge at x,. Mg/s/m:
Qw = unit-width water discharge, m’/s/m: and
vy = particle fall velocity. m/s,

Table 4: 15-Point Gaussian-Legendra
Quadrature for Numerical Integration

i e Einstein’s constant of proportionality (A) is actually the ratio of
FPoint No. e - the suspended sedimenf C(]))nccmmtio}n at the bottomyof the water
1 006003741| .01537662] column (near the bed surface) to the average concentration of
2 031363304| 035183024 suspended sediment throughout the water column.
3 075896109| .053579610 . ; . : ; ’
1 137791135 | 060785339 For primary cells, the d.lstance i.rom x) 10 x5 is the distance from
3 5 14513514] 083134603 the hydraulically most distant point (x;) to the cell outlet (x3),
6 302924330( 093080500 For secondary cells, the distance from x, to x; is the length of the
7 1399402954 099215743 concentrated flow channel segment for the reach. The autlet for
3 s00000000| 101289120 each reach is always x, in the above equations. All mcoming
9 600597047| 099215743 sediment from upstrearmn reaches is assumed to enter at the
10 697075674 093080500 upstream end of the reach (x;). Local loadings (originating within
T 785486087| 083134603 the associated cells) are assumed to be delivered to the
2 R67203866| 069785339 downstream end of the cell’s asseciated reach (x3).
13 924103292 .053579610 The channel dimensions for each reach are based upen the flow
14 J968636696| .035183024 characteristics for the respective reach; and for the geomorphic
15 .993006259] 015376621 aption, the top width and depth are based upon the drainage area

at the upstream end of each respective reach,

Gaussian-quadrature is vsed for numerical integration when closed form analytic solutions are not known. The
subprogram GAULEG (Press et al 1987) generates the abscissas (t;) & weights () for a given N-point Gauss-
Legendre quadrature. Points for the 15-point Gaussion-Legendra quadrature (Carnahan et al 1969) are shown in
Table 4.

The N-point Gaussian-quadrature numerical integration of Q; as a function of t is:

f:.fEQsdf = (fz - I1). [Zf:;'\’ (w:' 'Q.m' )] BUAORETS

i=
=i

where: Q, = sediment load as a function of time; Mg/sec;
Q,; = sediment load at Gauss-Legendre time point t;; Mg/sec;
t; = time al beginning of time period, sec;
t, = time at end of time period, sec;
i = Gauss-Legendre point number;
N = last Gauss-Legendre timne point; and
w, = Gauss-Legendre weight, non-dimensional.



CHEMICAL ROUTING

In general, chemicals exist in two phases: (1) dissolved (solution); and (2) attached (adsorbed) to clay-size particles.

Three nutrients are recognized by AnnAGNPS: (1) nitrogen; (2) phosphorous; & (3) organic carbon. Nitrogen &
phosphorous are recognized as to be able to exist in both the soluble and adsorbed state. Organic phosphorous is
assumed to be insoluble; therefore, only inorganic phosphorous is subject to equilibration. Organic carbon is
assumned to be part of the clay-size particles with a known organic carbon to clay ratio.

AnsAGNPS allows any number of pesticides, each with their own independent chemical propertics, but they are
treated separately; i.e,, there is no interaction assumed. Independent equilibration is assumed for each pesticide.

Adsorbed Chemicals: Conservation of mass calculations are made for any adsorbed chemicals if the clay-size
particles are deposited within the stream reach. Re-equilibration, for the necessary chemicals, are repeated at the
downstream end if clay-size particles are deposited or entrained from the bed & banks, or if there is any loss of
water,

Solution Chemicals: Conservation of mass calculations are made for any chemicals in solution if there is any loss
of water within the stream reach. Re-equilibration, for the necessary chemicals, are repeated at the downstream end
if there is any change in the amount or source of clay-size, or if there is any loss of water.

Equilibration: A simple first order equilibration model for equilibration is used:
M, = M/(1 + Ky) Equation 19

where: Ky = partition coefficient of chemical, non-dimensional;
M. = total mass of chemical both adserbed & in solution, Mg; and
M, = total mass of chemical in solution. Mg.
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Using GIS and AgNPS Model to Study the Water
Resources Conservation

of Nan-Haw Reservoir Watershed in Taiwan

By C.C. Chen, Assaciate Professor, Department of Forest Management, National Pingtung
University of Science and Technology, Pingtung, Taiwan, R.Q.C.; C.Y. Lee, Associate
Professor, Department of Soil and water Conservation, National Pingtung University of
Science and Technology, Pingtung, Taiwan, R.O.C.

Abstract
In this study, by using GIS and AgNPS as a tool and focusing our attention on the range of Nan-Haw reservoir

watershed, the special distribution data of geology, soil, slope, aspect, land-use, and stream-order systerms were buiit by
ARC/INFO GIS.  All of these data have something to do with that water resource conservation. With the established
GIS database to match with AgNPS, we can figure out runeff volume and the transportation and product of pollutant at
different grids, and we can also fully have the use condition of nutrient, mud, and sand of the whole area under control,
In order to investigate how to make use of GIS database to monitor water resource conservation, this study, dividing the
whole watershed into 18 sub-watersheds, according geographical traits, can figure out the characteristic parameters of
each sub-watershed. Using the mode] cutput and geographical parameters of each sub-watershed, we can carry out, by
means of correlation and regression analysis, a research into the problems of water resource conservation and monitor
of Nan-Haw reservoir watershed.
Introduction

Water is increasing in great demand as the result of economical development in Taiwan, and this relatively.
makes water guilty in the reservoir go from bad to worse day after day. Watershed is the topographic unit of the rain's
influx and output, To process a suitable management of land and resources in the watershed can provide not only good
water quality and quantity distributed by timely but also continuous and desirable water quality at downstream area.
Such factars inside the watershed as biological, physical, social, and economic one are the major items having
influence on water resources in the watershed. Therefore, to figure out one desirable water resource management in the
watershed, and to have basic data of environmental ecology under control is absolutely necessary for the process how
to map out, supervise, and trace one watershed. Geographic information system is one effective tool of assistance to
manipulate, store, and analyze spatial distribution data. This study, using GIS as a tool, with Nan-Haw Reservoir
Watershed as its study area, has plready set up spatially distribution data conceming that watershed and water resource
conservation such as precipitation, discharge, soil, digital terrain, land use, and water system. With the already
established GIS database matching AgNPS, it is possible to figure out different situations at various places for runoff,
and transportation of sedimentation, chemical, and nutrient in the watershed. By doing so, the transportation trails of

erosion and nutrient can be fully got under control. In addition, it is needed, with flood trace methed and water
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sampling, to collect factual materials of erosion and nutrient so as to verify the inferential result of water quality and
quantity made by AgNPS in the reservoir watershed. The data concerning spatial runoff quantity and sedimentation
distribution inferred by using GIS and AgNPS can provide this study as major data resource to quantify the water
resource conservation practical effectiveness, and to investigate the hydrologic budget, and to evaluate the impact of
water resource conservation before and after building a reserveir. This result can be taken as a reference when

mapping out any water resource conservation in the reservoir watershed,

Study area description
The study area of this investigation, includes about 10,830 hectares in Nan-Haw county, southem Taiwan,
Elevations ranged from 800 to 1000 m and mean annusal precipitetion is 2900mm, 90 percent of which comes between
May and September, primarily resulting from typhoon and southwest monsoan. Average annual temperature is 25.6 C
and annual relative humidity is 84,5%. Soils within the study site are derived from sandy loam, loam and gravel.
Geological distribution consists of argillite, slate complex and Phyllis, belonging to Nan-Zhuang formation,

Methods

AgNPS model

Watershed land-use management is one of the key issues in reservoir water quality control. Pollutants that affect
reservoir water quality include sources and non-point sources. The Agricultural Non-point source Polkution Model,
AgNPS, was deveioped by the Agricultural Research Service, Morris, Minnesota and the University of Minnesota for
the Minnesota Pollution Control Agency (Young et al, 1987). This model was designed to analyze the water quality
impacts of non-point source pollution. It predicts runoff volume, peak rates, erosion, sediment, nitrogen, phosphorus,
and chemical oxygen demand concentrations in the runoff (Vieux, 1994). The AgNPS model have adequate results in
several watersheds in north of Taiwan (Sun et ai., 1992).
GIS implementation

Hydrologic processes are affected by the spatial variability of soils, topography, land use and cover, climate, and
human-induced changes and management. The integration of distributed process models and Geographic Information
Systems provide a powerful tool for decision making in the management, understanding, and control of non-point
source water quality impacts (Vieux, 1994). For these reasons, a geographical information system (GIS) was
implemented in this study. Arc/Info{ESRI, Redlands, California) software was used for the GIS. Several digital layers
were generated to provide input for AgNPS model. These were (1) boundaries of watershed polygons; (2) boundaries
of land-use polygons; (3) boundaries of soil type polygons; (4) digital elevation model (DEMY); (5) stream. In Table 1, it
shows the relationship between the parameters of AgNPS and geographic database.
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Table 1. The relationship between the parameters of AgNPS and geographic database.

Number [Code _ |Cell Parameters Geographic Database

1 CE Cell number watershed boundary

2 RC Receiving cell number digital elevation model
3 CN  |SCS curve number digital elevation model
4 L3 Land slope(percent) digits! elevation model
5 SF Slope shape factor digital elsvation model
6 SL Field slope length{feet) digital elevation model
7 Ccs Channel slope (percent) river channel

8 CS88 Channel side-slope (percent) river channel

IN Manning’s roughness coefficient lend-use type

0 K Soil erodibility factor Soil type

11 C__ - |Cover and management factor land-use type

12 P Support practice factor land-use type

13 SCC__ |Surface condition constant land-use type

4 A Surface condition constant land-use type

15 T Soil texture Soil type

16 F . |Fertilization level Land-use type

17 AF Fertilizer availgbility factor land-use type

18 PS Point source indicator other

19 GS Gully source level(tons) other

120 COD __ |Chemical oxygen demand factor land-use type

21 {F Impoundment factor other
122 CI Channel indicator river channel

Integrate the geographic database to estimate the parameters of AgNPS
We use the PC ARC/INFO geographic information system's SML macro language to generate twenty-two
parameters for AgNPS model from geographic database. The process of estimating the parameters of AgNPS are

shown as Fig.|.
Spatial Attribute
data data
Geographic
;g
+ ID value Key value \ 4
Preparation _¢ r.— Preparation
iD and Key value
ID/K:
; I
Table
Digitize > » < Key in
Geographic data basc of watershed

v

h
| Desop e At SRR ©

|

Figure 1. Process of estimating the parameters of AgNPS model.
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Table 2. The output data of Sediment Analysis (R= 153 ; P = 1000mm)

Ares Area Delivery Enrichment Mean Area Yield
Weighted Weighted Ratio Ratio Concentration Weighted
(No) Erosion  Erosion Yield (T/ha)
Upland  Channel (%) (PPM)
_ (The)  (Thw) (T/ha)
i 18472  0.00 31 1 693426 56.58 81822.19
2 1369.12  0.00 15 1 2440825 199.11  67006.41
3 163.29 0.00 26 1 5234.27 42.73 76348.834
4 263883 0.00 13 1 42466 .93 347.81  124011.69
5 831.62 0.00 18 1 18110.07 150.56 18698.82
6 951.53 0.00 13 1 15001.54 12285 51189.28
7 224437 000 52 1 13549230 1165.62 303541.06
8 256.52 0.00 28 1 8784.95 72.32 3418945
9 587.20 0.0 54 1 37978.95 31644  65926.31
10 243.59 0.00 17 1 5187.60 4235 9162.44
11 72341 0.00 41 l 35611.64 20065 16446647
12 30950 0.00 25 1 9518.21 78.01 46882.04
13 1160.51  0.00 20 1 27079.62 229.87  145503.12
14 858.19 0.00 18 1 18732.92 15549  64785.61
15 750.33 0.02 16 1 14494.57 12146  51579.56
16 1305.75 0.00 14 | 21470.69 183.80 19440701
17 1140.62 0.02 32 1 41919.70 368.01 315505.17
18 171749 0.02 15 1 29617.80 256,70  174837.56
Table 3. The output data of nutrient analysis (R =153 : P = 1000.om )
No N-3 N-r N-¢ P-g P-r P Car C
1 0.05 0.01 0.82 0.02 0.00 0.05 0.56 69
2 0.1 0.01 0.81 0.05 0.00 0.05 0.54 66
3 0.03 0.01 0.82 0.02 0.00 0.05 0.57 70
4 0.17 0.01 0.81 0.08 0.00 0.05 0.54 67
5 0.09 0.01 0.82 0.04 Q.00 0.05 0.58 71
6 0.07 0.01 0.81 0.04 0.00 0.05 0.55 68
7 0.45 0.01 0.92 0.22 0.00 0.09 0.81 95
8 0.06 0.01 0.82 0.03 0.00 0.05 0.57 70
9 0.18 0.01 0.84 0.09 ¢.00 0.06 0.60 72
10 0.03 0.01 0.81 0.02 0.00 0.05 0.57 70
11 0.18 0.01 0.85 0.09 .00 0.07 0.66 80
12 0.05 0.01 0.82 0.03 0.00 0.05 0.59 73
13 0.12 0.01 ¢.84 0.06 0.00 0.06 0.1 84
14 0.09 0.01 0.82 0.04 0.00 0.05 0.62 75
15 0.07 0.01 0.82 0.04 0.00 0.05 0.53 64
16 0.10 0.01 0.82 0.05 0.00 0.05 0.60 71
17 0.21 0.01 0.82 0.10 0.00 0.05 0.42 48
18 0.13 0.01 0.83 0.07 0.00 0.05 0.68 79
N-s: Total Nitrogen in Sedimeni(fon/ha)
N-r: Total soluble Nitrogen in Runoff{ton/ha}
N-¢: Soluble nitrogen in Runoff{PPM)
P-s: Total Phosqhows in Sediment(ton/ha)
P-r: Total soluble Phosphorus in Runoff{ton/ha)
P-c: Soluble Phosphotus in Runoff{PPM
COD-1: Total soluble Chemical oxygen in Runoff

(Ton/ha)
COD-c: Soluble Chemical oxygen demand in Runoff{PPM)
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Results and discussions

Geographic database and water quality modeling system

Traditionally, the use of GIS technology has been limited to manipulstion geographic databases and producing
maps. Recently, however, this rapidly emerging technology has been used extensively for planning water quality
protection programs and in studying envitonmental processes(Goodchild, Parka, & Steyaert,1993). In these applications,
the GIS provides the tool to encode, spatially organize, manipulate, analyze, and present model input and output data.
A aumber of papers have been developed to combine s0il erosion and pollutant export models with ARC/INFO GIS
software  and graphic user interface(GUINSun ef al., 1992;Tim & Liao, 1994),

To delineate the aon-point source pollution of this study area, six basic maps, namely vegetation cover, slope,
aspect, soil type(from Council of Agriculture), geological type (from Council of Agriculture), stream, boundary of
watershed, have been prepared by integrating the data input from topographic map(1:250000). On the other hand,
GRASS GIS use the digital elevation data of this arca to divide watershed into 18 sub-watershed. For AgNPS modeling,
the basic polygon coverage was conversed to raster caverage by the POLYGRID command of ARC/INFO. The lookup
table of AgNPS modeling parametérs was built by referring to previously papers. By using raster coverage, lookup
table as basic datz and using ARC/INFO SML language as tool, the special parameters of AgNPS modeling has been
produced.

Results of AgNPS modeling
This study collected the climatological data of Nan-Haw from 1984 to 1995, using Log-Pearson type HI method

to estimate the maximum precipitation in one day. The probability distribution of hydrologic frequency is shown as
follows:

Y = 395.02 + 148.43 Lo(T) r=0.99

T=14.79%* T=1]1.41**

Y : maximum probabie rainfall in one day (mm}

T : return period (y1)

The rainfall-erosion factor R was obtained from the iso-erodent map of the Nan-Haw County. and & single-unit
value of 153 was used for the watershed. If we set 25 years as return period, the maximum probable rainfall in one day
can be estimated as 1000mm by the equation of hydrologic frequency. The entire database was manipulated and
spatially organized in ARC/INFO as watershed modeling coverage. The simulation results for the Nan-Haw reservoir

watershed are summarized in Table 2 and 3.
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The Agricultural Research Service of Unite State of America developed AgNPS. In Taiwan, because of the
different environment, so how to modify the ouviput data of AgNPS is very important. Comparing the observed values
with the predicted values (Line, er al1991), had developed the modifying factor(0.15). Though some papers had
proved that the predicted value of AgNPS was different from the observed value in Taiwan, we can use the predicted
value as a relative value to compare the situation of water resources conservation in each sub-watershed.

Conclusions

High population density, and rapid economic development in Taiwan have resulted in changes so acute in land
management, so that the land of reservoir watershed had been over-used. The objective of this study is to integrate the
effective and powerful tools of Geographic Information System (GIS) and the Agricuitural Non-point Source Pollution
Model {(AgNPS) to quantify erosion problems in the Nan-Haw reservoir watershed in Taiwan. The AgNPS model input
data were obtained by GIS techniques. If we use 25-year frequency storm, 1000 mm/day to simulate one eveat storm,
the results show that the soil erosion is 145.2 tha and the sedimentation is 35 t/ha. To prescribe appropriate soil and
water conservation practices and controls the volume of soil loss within acceptable (or tolerable) limits, The model also
has the capabilities of identifying areas within the watershed with high erosion and sediment yield. This provides a
guide for government officials and decision-makers in formulating national policies and development plans to
counteract erosion effects, to optimize farm output, and to stabilize economic development.
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AnnAGNPS — NON-POINT POLLUTANT LOADING MODEL

By Roger G. Cronshey, Hydraulic Engineer, USDA Natural Resources Conservation Service, Beltsville, MD;
Fred D. Theurer, Agricultural Engineer, USDA Natural Resources Conservation Service, Beltsville, MD

INTRODUCTION

The continuous simulation Annualized AGricultural Non-Point Source pollution computer model (AnnAGNPS) is a
replacement for the existing Agricultural Research Service (ARS) single-event AGNPS model (Young et al 1987).
The development of AnnAGNPS was a partnering effort between the US Department of Agriculture's ARS and
Natural Resources Conservation Service (NRCS). ARS provided the management support, funds for travel and
some technical support personnel, and most of the research science that was used for the technology included in the
model, NRCS provided most of the personnel to manage, plan, design, and develop the computer program, as well
as refine the technology implemented,

AnnAGNPS simulates the movement of sediment and chemicals (nutrients and pesticides) in the surface water for a
watershed over a user selected period of time using a daily time step. The pollutant loading can be expressed as
quantities for a runoff producing event in selected stream reaches and as source contributions from a watershed
component (specific land area, stream reach, feedlot, guily or point source) to the watershed outlet over the
simulation period.

The computer model is written in ANSI standard Fortran 90, taking advantage of the latest Fortran features including
runtime array allocation that utilizes only the computer memory required for the specific watershed being analyzed
and is executed as a batch process. The use of standard Fortran makes the code extremely portable and it can be run
on any computer platform that has a Fortran 90 compiler, Software to preprocess (prepare input data) and post-
process AnnAGNPS data (sor, subdivide, and/or display output) are under separate development,

WATERSHED COMPONENTS

AnnAGNPS generates quantities of water, sediment and chemicals (nutrients and pesticides) leaving land areas
(cells) and flowing into the watershed stream network at specific locations (reaches) on a daily basis, The cells can
be of various sizes either square shaped (as was the case in AGNPS) or amorphous shaped (hydrologically based).
provided each cell can be represented by a single land use, land management, and soil type. The water, sediment, and
chemicals from the cells are then routed through the watershed reaches to the watershed outlet. The following
specialized components are available to supplement the cells and reaches: feedlots (add nutrents from animal
operations to the reaches); gullies (add sediment and attached chemicals to the reaches); point sources (add water
and chemicals to the reaches); and impoundments (reduce sediment loads leaving storage reaches).

To simulate watershed variation during the simulation period, the following types of time variant data are entered:
daily climate (precipitation, maximum and minimum air temperature, dew point temperature, sky cover, and wind
speed and direction); field operations (schedules by land area detailing planting, harvesting, tillage, chemical
applications (fertilizers and pesticides) and irrigation applications); and feedlot operations (schedules for each
feedlot detailing changes in daily manure production rates and times of manure removal).

Each day the applied water and resulting runoff (if any) is routed through the watershed system before the next day is
considered. Thus, no water except for that contained within the soil column is carried over from one day to the next.
Chemicals in the cells and feedlots are also carried over from day to day after adjusting by appropriate daily decay
rates.

MODEL INPUT

[nput to the model is contained in three files. The files are: AnnAGNPS input which contains all watershed and
time variant data except the climate data; Climate input which contains information on the climate station location
and daily climate parameters for the simulation period; and AnnAGNPS input filename (optional) which contains
the name of the AnnAGNPS input file. Bach input file is either all English unit data or all SI (metric) unit data.
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AmnAGNPS input file contains 34 different categories (Data Sections) of data used to describe the watershed and
the time variant parameters. Not all 34 are needed for each job. For example, the optional program features:
Feedlots; Fertilizers: and Pesticides each have two dedicated data sections, while the remaining optional features use
only one. Most of the data sections are refated (directly or indirectly) to the cells. Figure 1 shows the reiationship
between cell data and the other data sections, including the name of the data variable that makes the connection.
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Figure 1 - AnnAGNPS input data sections as related 1o cell data

A special subset of the input file used to run a single event based on input data converted from the AGNPS program
uses only a maximum of 20 of the input data sections. This special case does not use the climate input file and
employs Universal Soil Loss Equation (USLE) based erosion and sediment as was done in AGNPS.

Climate jnput ile is contained in one data section header. Climaie station static parameters are on the first four
records followed by one record of daily parameters for each day in the climate record. The climate record required
may need (o be longer than the simulation period. If the optional one-year parameter initialization situlation is ta be
used than daily climate data for that period must also be included. For short simulation period runs, climate data
should be entered in complete months as average monthly values for several climate parameters are generated from
the daily climate data provided. Climate data can be either from historically recorded data or from data generated
with a climate generator.

AnpAGNPS input filename file is optional and contains the name of the AnnAGNPS input file. It is a one line file.
If this filc is not present the default AnnAGNPS file name (AnnAGNPS.inp) is used.
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MODEL OUTPUT

There are four standard output files for the model. They are: Error file; Debug file; Event file; and Source
Accounting file. The first three files are always present while the last is only created if source accounting
information is specified. Output files are either all English unit data or all SI (metric) unit data.

Error file contains messages that define any errors encountered during: data preparation (reading and setting up the
data for the simulation); simulation processing; or finishing source accounting data. Data preparation proceeds with
as much error checking as possible, If any errors are found during data preparation, the run will terminate before any
simulation processing. Most errors will occur during data preparation, and the error message text should lead
directly to the offending (or missing) input. If an error is encountered during the simulation period, data up to the
time of the error will have been written to the Event file but no data will be contained in the Source Accounting file.
The Error file will have a file length of zero for a clean run using the model.

AnnAGNPS provides precise information on the error detected and, if appropriate, where the offending input is
located. There are about 300 different error messages in AnnAGNPS and a sample message follows:

Value (90.) outside acceptable range (0.0 - 1.0} for ‘Irrigated Area Fraction’
on record 3 of IRRIGATION APPLICATION DATA:

Debug filg contains warning messages and most intermediate output requested by the user via the Verification Data
section in the AnnAGNPS input file. There are almost 100 different flags that can be set with Verification Data
allowing the control of warning message generation, subroutine traces, intermediate calculation output, and
verification of input. If no Verification Data is requested, this file shauld have a zero length.

Event file contains information on user selected reaches for each runoff event during the simulation period. Data for
the watershed outlet is automatically included. Specific information output can vary for each selected reach based on
the following categories: water; sediment class and source; sediment class; sediment source; Nitrogen, Phosphorus;
organic Carbon; and pesticides. Any of the codes for the categories that are blank in the Reach Qutput Specification
(AnnAGNPS input file) for a given selected component will use the appropriate code from the Global Output
Specification section data.

Source Accounting file contains information on the contribution for the selected component (specific cell, reach,
feedlot, gully, or point source) to the watershed outlet over the simulation period. Values are expressed as a fraction
of the outlet accumulation for a given parameter. (The outlet accumulations are aiso part of the file). Different
information can be specified for each component selected based on the following categories: water; sediment class
and source; sediment class; sediment source; nutrients; and pesticides. Any codes for the categories that are blank in
the Source Accounting Output Specification (AnnAGNPS input file} for a given selected component will use the
appropriate code from the Global Output Specification section data.

MODEL PROCESSING

Conceptually the computer model can be viewed as consisting of three parts: Data Preparation; Simulation
Processing; and Source Accounting Output. Data Preparation encompasses: reading in data; error checking;
setting iniernal pointers; establishing internal array sizes based on data read; initializing data required for the
simulation {developing climate normals; soil compositing; determining cell and reach time of concentrations;
establishing reach routing order and reach drainage areas, Revised Universal Soil Loss Equation (RUSLE) (Renard
et al 1997) preprocessing, and optional one-year initialization). Simulation Processing includes processing climate
information for each day of the simulation period and its impact on cells, feedlots, gullies point sources and reaches.
Information concerning soil moisture, snow pack, crop growth, residue and chemicals are carried from one day to the
next for each cell as are manure pack and nutrients for each feedlot, Reach and selected source accounting
component data are accumulated from the events during the simulation processing. Source Accounting Output
analyzes variable accumulations over the simulation period at vpstream and downstream reach locations 10 determine
outlet contribution from specific user selected components {(cell, feedlot, gully, point source, or reach). Variables
analyzed are user selected from input source accounting codes or global source accounting codes.
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When the AGNPS to AnnAGNPS Converter is completed, the model will be capable of running in two modes. The
RUSLE based continuous simulation mode which is the basis for AnnAGNPS and a USLE based AGNPS mode
which will run the converted AGNPS input data without any additional data required. The AGNPS mode does NOT
perform the same processing as was done in the older AGNPS program but adapts the AnnAGNPS technology to
converted AGNPS input data. Many assumptions, which users should be aware of, will be made by the AGNPS
Converter, In the following summary of major computational steps, some will be indicated as either AnnAGNPS or
AGNPS which means the step only applies to that particular mode.

DATA PREPERATION

Read Inpyt File Name - Name of the AnnAGNPS input file is read from the ‘AnnAGNPS.fil’ file if such file is
available. If the file is not available, then the default AnnAGNPS input file name (AnnAGNPS.inp) is used.

: AnnAGNPS input file is read a record at a time. The first record indicates the mode
that will be used for the simulation run (AnnAGNPS or AGNPS). Remaining data is then read in the formats of the
various data sections as described in the AnnAGNPS model documentation. The data sections can be read in any
order the user chooses. Numeric data is checked for valid data type (integer or floating point). Numeric and some
alphabetic data are checked for acceptable ranges. All required fields are checked for completeness.

Soil Composite Create: Entered soil layer data is reduced to a two layer soil profile for the use in the model, The
top 200 mm are used as the top layer and the remaining soil profile comprises the second layer. Generally the values
from the entered soil layer data are weighted by their relative thickness in either of the two composite layers.

Route Order: Receiving reach identifiers are used to construct the watershed flow network. From the network an
order is determined that will be used for reach processing. The reach processing order ensures that all upstream
reaches are processed prior to the current reach,

Reach Ares: Cell areas are added to the reaches at the proper location (upstream or downstream) where they enter
the watershed stream system. Using the routing order, the individual reach areas are accumulated in a downstream
direction to define the entire upstream areas draining ta each reach.

Read Climate Data (AnnAGNPS): Climate input file is read including climate siation information and the daily
climate parameters. The daily climate data time period must span the simulation period. Also for short sirnulation
runs, data is best entered in complete months as monthly normal data is computed and used in the simulation
processing.

Time Period Check (AnnAGNPS): The period of daily climate data entered is compared with that for the requested
simulation run. Climate records which do not encompass the entire simulation period result in an error.

Create Normals: Daily climate data is used to produce average monthly values for most of the climate parameters.
Annual average values are computed for precipitation and minimum and maximum terperature, Also using the
individual monthly precipitation computed, a representative month of climate data (for each calendar month of the
year) is selected. The daily values in the representative months will be used as the climate for the initialization year
(if parameter initialization year is requested). Solar radiation (generated from daily sky caver) is reduced to an
average value for each calendar day of the year and not monthly averages.

Cell T, If the cell time of concentration (T,) was not entered with input, then it is calculeted from the cell profile
data. Cell time of concentration is the sum of the travel times for: overland flow; shallow concentrated flow; and
concentrated flow within the cell. The first 50 m of flow length are treated as overland flow. The next 50 m are
treated as shallow concentrated flow (with a maximum of .61 m/sec velocity). Cell flow length beyond 100 m is
treated as concentrated flow. Calculations for the three flow types are based on procedures in Soil Conservation
Service (SCS) TR-55 (SCS 1986). All three types may not be present in each cell.

Reach Geometry: If any or all the reach cross section parameters are missing from the input data, they are computed

using the reach drainage area and power equations. The four reach geometry relationships included are: Reach
Length; Reach Top Width; Reach Flow Depth; and Valley Width. The equation coefficient and exponent used for
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each are based on the those asseciated with the Reach Channel Geometry ldenufier for the reach or a default set if no
tdentifier was provided.

Reach T, Each reach is processed in the reach routing order previously determined. The maximum single cell T,
directly contributing to the upstream end of the reach is determined. From each reach that flows into the current
reach, two values are considered: the maximum single cell T, that joins this reach at its downstream end: and the T,
at upstream end of the reach plus the travel time through the reach. Not all reaches have both a cell contributing at
its upstream end or an upstream reach, but each reach must have at least one or the other.

Initialize Parameters: Starting conditions are established for most dynamic cell variables prior to the start of
simulation period or one-year initialization. Information for initializing the variables comes from the initial Cropland
and Non-crop tnformation optionally entered as part of Simulation Pertod Data (AnrAGNPS input file) or from
Operations Data which contains no operation date.

RUSLE Preprocess {AnnAGNPS): The required RUSLE parameters (K, LS, C, EI, and P) are established over the
operalion management cycle for each non-water cell. The K-factor is computed for each soil either as an annual
value or a series of 24 15" day values for a year depending on the specified Variable K-factor code and whether the
EI Number supports variable K-faclors. The C-factor is computed as an annual value for non-cropland and as a
series of 24 15" day values for each year in the operation management schedule for crepland. The LS-factor is
computed for each cell, The P-factor is computed as an annual value for non-cropland and as a series of annual
values (one for each year in the operation management schedule) for Cropland. The P-factor includes adjustments
for contours, strip crops, and terraces contained in the cell, as well as sub-surface drainage. The El-valucs used for
the entire watershed are expressed as a series of 24 15" day values in the calendar year.

Run Initialization Year (AnnAGNPS): If the initialization year is requested, the cell process portion of the
sitnulation processing is run for a one year period ending at the start of the simulation period. The climate data used
is for the days in the representative months selected from the climate data entered. The purpose of the initialization
year is to stabilize the initial cell parameters before starting the actual simulation,

SIMULATION PROCESSING

Cell Processes: Each cell is processed on a daily basis. The following steps are used in the processing:

Adjust Weather: The daily climate station precipitation and temperatures are adjusted for the elevation difference
between the climate station and the cell, All other climate data are taken directly from the climate station.

Potential Evapotranspiration (AnnAGNPS): Potentia) evapotranspiration is calculated with the Penman equation.

Select Operatians (AnnAGNPS): The operation schedule is checked for any operations 1hat occur for the cell on the
current day. Any identified operations are set aside for incorporation into the remaining cell steps for the day.

Irrigation Applied (AnnAGNPS): Irrigation water is applied as identified in current day’s operations or from
previous operations if part of an irrigation interval. The applied irrigation can be either manual (fixed amount) or
automatic (raise soil moisture to user supplied Irrigation Trigger). Only the applied water is determined, the amount
that runs off is dependent on other daily factors. The irrigation runoff will be determined as part of the soil moisture
balance.

Winter Routines (AnnAGNPS): Precipitation that occurs when average air temperature is below freezing (0° C) is
treated as snow which accumulates on the cell. Existing snow packs are aged for the day (possibly producing snow
melt) based on the climatic data and the soil temperature. Soil depth to frozen layers (up to 2) is also determined or
adjusted. On any day that the winter routines are applied, iirigation amounts previously determined are ignored.

Soil Moisture (AnnAGNPS): Daily soil moisture accounting considers applied water (rainfall and irrigation or snow
melt), runoff, evapatranspiration, and percolation in maintaining a water budget for the two-layer composite soil
profile. Runoff is calculated using the SCS Runoff Curve Number equation, but may be modified if a shallow frozen
soil layer exists. Curve numbers vary between the Antecedent Moisture Condition (AMC) 1 (dry) value and the
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AMC 111 (wet) value using the procedure in the SWRRB (Amold et al 1990) and EPIC (Williams et al 1989)
models. Actual evapotranspiration is a function of potential evapotransipiration and soil moisture content.
Percolation vccurs at the rate of the hydraulic conductivity corresponding to the soil moisture content, calculated
according to the Brooks-Corey equation. Runoff volume is stored separately for rainfall and snow melt or irrigation.

Revise Curve Number (AnnAGNPS): Revise the cell runoff curve number based on new curve number supplied
with the day’s operations (i.e tillage, harvest etc.). If no new curve number is applied, adjust curve number if in a
curve number transition period for crop “development™ growth time.

RUSLE Sediment (AnnAGNPS): Sediment produced by the rainfall is generated from the user supplied rainfail
distribution (code) and the current cell characteristics using RUSLE. Sediment from snow melt is also produced
from RUSLE based on a uniform distribution. Sediment amount is divided into five particle size classes (clay, sand,
silt, small aggregate, and large aggregate).

USLE Runoff and Sediment (AGNPS): The cell runoff is computed from the cell Runoff Curve Number and
precipitation using the SCS rainfall-runoff equation. Sediment is calculated from the K (s0i) associated with cell).
LS, P (field associated with cell), and C (landuse associated with cell} using the USLE equation. The computed
sediment is distributed among the five particle size classes (silt, clay, sand, small aggregate, and large aggregate) for
the cell soil.

Irrigation Runoff and Sediment: The portion of applied irrigation that runs off is determined, The sediment due
to irvigation is computed using the irrigation runoff amount and the sediment concentration rate entered as input,
Sediment amount is divided into five particle size classes (clay, sand. silt, small aggregate, and large aggregate).

Adjust Nutrients: The operation schedule is checked for addition of nutrients on the ccli for the day. A daily mass
balance for nitrogen (N), phosphorus (P), and organic carbon (OC) is computed for each. Major compoenents
considered are uptake of N and P by plants, application of fertilizers, residue decomposition, and dowuward
movement of nitrogen and phosphorus, The day’s sediment bound N, soluble N in runoff, sediment bound P, soluble
P in runoff, and sediment bound QC are determined for the celi. Nitrogen and phaosphorus are partitioned into
organic and mineral parts and a separate mass balance computed for each. N and OC cycles are simplifications that
track only major N transformations of mineralization from humified soil organic maiter and plant residues, crop
residue decay. and fertilizer and plant uptake. Plant uptake of N and P are modeled through a simple crop growth
stage index,

Adjust Pesticides: The operation schedule is checked tor addition aof pesticides on the cell for the day. A daily mass
balance adapted from the GLEAMS (Knisel 1993) model is computed for each pesticide. Major components
considered are washoff from foliage, downward and upward pesticide movement in the soil profile, and degradation
based on the pesticide half-life. The day’s amounts of sediment bound and runoff soluble pesticide are computed.

Add Cell Data to Reach: Water, sediment by class, nutrients, and pesticide quantities leaving the cell are added to
the appropriate stceam reach at the proper location (upstream or downsiream). Cell sediment is identified as “sheet
and rill”,

Feedlot Processes: Each feediot is processed on a daily basis using the following steps.

Feedlot Event Calculations: If runoff occurs on the cell associated with the feedlot. then the portion of runoff that
enters the feedlot area is routed. The amount of soluble nutrients {N, P, and OC}) that are contained in the rupoff are
determined. The runeff and nutrients zre then routed though any buffer area down slope of the feediot which can
reduce the nutrient quantities in the runoff. The resultant nutrient amounts are added to the appropriate strcam reach
for the ccll containing the feedlot a1 the proper location (upstream or downstream). No water is added to the reach
for the feedlot as it has already been accounted for with the celf runoff. Any nutrients that are picked up by runott
and leave the feedlot are subtracted from existing manure pack.

Feedlot Daily Calculations: The nutrients produced by the animals on the feedlot are added fo the manure pack.
The manure pack is decayed for the day using default decay rates for the different putrients. The current daily
change in nutrient production is added to the current days rate 1o define the new rate fo apply 1o the feedlot the next
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day. Check the feedlot operations for any operations today. If any operations are found, the daily rate and daily rate
change for each of the nutrients is updated. These changes will take effect on the next day. If a scraping operation is
indicated in a current day's operation (Pack Remove Ratio), the manure pack nutrients are adjusted.

Gully Processes: Each gully is processed on a daily basis. The runoff from the cell that drains through the gully is
based on the ratio of the gully drainage area to the cell drainage area. The sediment total is determined from the
gully runoff and a power equation using the user supplied coefficient and exponent. The sediment amount is divided
into five particle size classes (clay. sand, silt, small aggregate, and large aggregate) using either the gully identified
soil or the cell soil (if no gully soil was identified). Guily sediment is then added to the appropriate stream reach for
the associated cell at the proper location (upstream or downstream). Gully sediment is identified as “gully”. No
water is added to the reach for the gully as it has already been accounted for with the cell runoff.

Point Source Processes: Each point source is processed on a daily basis. The user entered constant flow rate and
nutrients are used to determine runoff volume and nutrient masses to be added to the reach associated with the cell
containing the point source at the proper location (upstream or downstream).

Reach Processes: If runoff occurs from any cell (excluding point sources), then reach routing is performed. The
routing is done in a reach routing sequence order that ensures all reaches upstream of a given reach are routed prior
te it’s routing. (Reaches with no water at the upstream end are not rouled as there is nothing to route.) The
following steps are used in the routing of a reach.

Water Routing: An equivalent Runoff Curve Number and associated [a/P ratio are computed from the upstream
runoff volume and the weighted rainfall {including rainfall and snow melt or icrigation). The 1a/P ratio along with
the user defined rainfall 1ype (Rainfall Distribution code) are used to determine a peak flow for the reach using an
extension of the TR-35 Graphical Peak Discharge method (Theurer & Cronshey 1598). All water variables are then
translated from the upstream end of the reach to the downstream end of the reach.

Sediment Routing: Sediment routing is done using the Bagnold equation. The water flow, if appropriate, is divided
into within-bank-flow and cut-of-bank flow for separate sediment load calculations. Sediment is routed by the five
particle size class {clay, silt, sand, stnall aggregate, and large aggregate) with the three sediment sources (sheet and
rill, gully. and bed and bank) combined itogether. After routing, the sediment sources are re-subdivided for each
particle class as follows: decrease in reach (distribute decrease proportionally among the three sources); or increase
in reach (all of the increase is bed and bank).

Nutrient Rovting: Each nutrient (N, P, and QC) is subdivided inio water borne {soluble) and sediment borne
{attached). Attached P is further subdivided into organic and inorganic. Each nutrient subdivision is decayed based
on the reach travel tme, water temperature, and an appropriate decay constant. The soluble nutrients can be further
reduced by the fraction of water that infiltrates through the bottom of the reach. The attached nutrients are adjusted
by any change in clay sediment from the upstream to downstream end of the reach. Additionally an equilibration is
done for the soluble and attached inorganic P at the beginning of the routing (upstream) and after the nutrients are
routed {downstream). The upstream equilibration is required as water from several sources may converge at the
upstream end of the reach, and while each may be in equilibrium, the aggregate may not.

Pesticide Routing: Each pesticide is subdivided into water borne (soluble) and sediment borne (attached). Each
pesticide subdivision is decayed based on the reach (ravel time, water temperature, and the appropriate pesticide
half-life. The sotuble portion of each pesticide can be further reduced by the fraction of water that infiltrates through
the bottom of the reach. The attached pesticides are adjusted by any change in clay sediment from the upstream 1o
downstrecam end of the reach. Additionally an equilibration is done for each pesticide at the beginning of the routing
(upstream) and after the pesticide is routed (downstream). The upstream equilibration is required as water from
scveral sources may converge at the upstream end of the reach, and while each may be in equilibrium, the aggregate
may not.

Update Receiving Reach: The routed water, sediment and chemical quantities are added to the upstream values for
the next downstream reach {or to the outlet if at downstream end of watershed). Also added are any cell, feedlnt,
guily, and/or point source values that join the current reach at the downstream end. These added values were not
included in the ¢urrent reach routing but will contribute to any reaches downstream.
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Output Event: At user selected reaches, if there is any water at the downstream end (routed or added from cells or
point sources), then event information is written to the event file. Information on water, sediment, nutrients and
pesticides can be included depending on the selections made by the user on either the Reach Output Specification or
the Global Output Specification.

Simuletion Accummnlation: All information for the day's reach event is added to the simulation period accumulation
for the reach. The data include the reach routed items (upstream and downstream) as well as the added itlems from
cells, feedlots, gullies, and point sources that may join the reach at the downstream end but are not routed in the
reach. This information will be used later for generating the source accounting information.

SOURCE ACCOUNTING OUTPUT

Reach Ratios: Ratios are computed from the simulation period accumulated data at each end of each reach. Which
parametcrs (water, sediment, nutrients, and pesticides) have ratios computed depends on the composite selected
output for the source accounting components. Upstream ratios are computed as the upstream parameter value /
downsiream parameter value. In situations were the upstream value is greater than the downstream value (loss due to
infiltration or deposition), the upstream ratio is 1 (all downstream contribution to the outlet came from upstream).
The downstream ratios are computed as the downstream value of the current reach / upstream value of the receiving
reach. The watershed outlet is treated as the upstream end of a reach just downstream from the last reach and may
include cell and other component contributions that are added after the last reach was routed.

Write Outlet Accumnlation: The outlel accumulation infortnation is written to the source accounting file. This will
be used as the basis for applying the contributing ratios for the selected source accounting components that wifl be
written to this file next.

Compute Source Accounting Ratios: Ratios are computed from the simulation period data for the source

accounting component (other than a reach) and the previously computed reach ratios. The source accounting
component ratio is computed as accumulated component value / upstream value (for components added at the upper
end of a reach) and as accumulated component value / upstream value of receiving reach (for components added at
the downstream end of a reach). The ratios are then multiplied by the upstream and downstream ratios for ali
reaches downstream of where the component enters the stream system. (Additions made at the upstream end of
reach must also be multiplied by the current reach ratios, downstream additions do not.) For source accounting
components added at the watershed outlet, the computation is simply the ratia of the accumulated value / outlet
value.

Write S : The computed source accounting ratios are written to the sotrce accounting file
based an the selected output for each component.
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AnnAGNPS—RUSLE SHEET & RILL EROSION

By W. Frank Geter, Environmental Modeling Specialist, USDA - NRCS, Fort Collins, CO;
Fred D. Theurer, Agricultural Engineer, USDA - NRCS, Beltsville, MD

Abstract This paper describes the design modifications to the Revised Universal Scil Loss Equation (RUSLE) to
simplify and enhance its inclusion in the multi-cell continuous simulation model AnnAGNPS. These modifications
include the: (a) ability to process multiple cells; (b) elimination of redundant calculations for cells with identical
field management and soil conditions; (c) ability for contours and mechanical disturbances to rotate on non-cropland
landuses; (d) calculation of sediment delivery ratio to the edge of the field for every cell: and () ervsion
modifications for frozen soil conditions.

INTRODUCTION

The Anpualized AGricultural Non-Point Source Pollution Model (AnnAGNPS) (Cronshey & Theurer 1998) is a
continuous simulation, daily time step, watershed scale, pollutant loading model. AnnAGNPS analyzes a watershed
subdivided into suitably small cells of homogeneous landuse management, climate and =oils which can adequately
approximate site conditions. Runoff, sediment and other contaminants are routed from each cell through a channel
network, including surface water impoundments, to the outlet of the watershed. A unique and powerful feature of
AnnAGNPS is the ability to track the source and relative contribution of contaminants down through the channel
network to the outlet of the watershed, This feature gives the user the ability to determine the source, and the relative
contribution of that source, at any point in the watershed.

Sail detachment, deposition and transport are important considerations when meodeling pollutant loads from
agricultural watersheds. Detached soil particles are deleterious contaminants in downstream water courses causing a
degradation in stream and lake habitat and can result in premature filling of lakes and reservoirs. In addition,
detached soil particles are carriers of many other contaminants such as phosphorus and pesticides. Given the
importance of soil erosion, deposition, and transport, it is critical that an appropriate level of technology be chosen to
simulate these processes.

The Agricuitural Non-Point Source Pollution Model (AGNPS) (Young et al 1987), the predecessor to AnnAGNPS,
used the Universal Soils Loss Equation (USLE) (Wischmeier et al 1978) to predict soil erosion for a single storm
event. Since AGNPS is a single storm event model, the fact that the s0il erodibility factor (K factor), cover and
management factor (C factor) and the practice factor (P factor) are fixed values, input by the user, is not a significant
limitation. However, since AnnAGNPS is a continuous simulation model, temporal changes in cover, soil erodibility
and conservation practices can have a significant impact on simulated pollutant loads. In addition, ARnAGNPS has
virtually no limitation on the number of cells that can be defined by the user to make up a watershed, therefore
manually estimating fixed USLE K, C, and P factors for each cell prior to simulation would impose a significant
usability limitation. Several erosion prediction models and subroutines where considered in deciding which erosion
technology should be incorporated intc AnnAGNPS. Factors that were considered where; the number of inputs,
time step, process detail, data availability, degree of model acceptance, and runtime.

The Revised Universal Soils Loss Equation (RUSLE) (Renard et al 1997) technology was selected as the most
appropriate level of technology for the following reasons:

1. The number of inputs required did not significantly 2add to what was already required.

2. The minimum time step was 15 days. Although this is larger than the single day time step in AnnAGNPS it was
not considered a significant limitation because RUSLE K and C factors do not vary significantly on a day to day
basis and adjustments to K factor would be made on daily time step during the actual simulation.

3, The process detail was considerable but appropriate. The level of detail in calculating a time variant C factor in
RUSLE is considerable because of the many processes involved such as; tillage effects, soil consolidation, and
residue decomposition. This detail however was considered necessary and appropriate since cover conditions
change frequently and tillage effects, soil consolidation and residue decomposition are critical factors.
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4. Availability of data and broad model acceptance by an action agency were primary factors in the selection of
RUSLE technology. At the time of consideration, Natural Resource Conservation Service (NRCS) agronomists
where involved in an organized effort to collect tillage and crop management data across the country to enable
RUSLE technology to be implemented in NRCS field offices. This indicated to the AnnAGNPS model
developers a high degree of future data availability and a broad acceptance of RUSLE technology.

5. Model runtime was fairly low due to the fact that LS, K, C, and P factors are calculated at no less than a 15 day
time step for only the length of the specified rotation. The calculation of the LS, K, C, and P factors is
performed in a data preparation step in AnnAGNPS and not during the day to day simulation. However, during
the AnnAGNPS simulation, the Erosion [ndex (EI) and K factor may be adjusted on a daily basis based on storm
precipitation and frozen soil conditions respectively, This will be discussed in more detail later.

At the time of this writing, AnnAGNPS is currently a BETA release, RUSLE technology documented in this paper
describes the current state of RUSLE technology in the BETA release of AnnAGNPS. However, upon review by the
Agricultural Research Service Scientists and others, significant modifications to the code could be made before the
first official release.

The remainder of this paper will primarily focus on how the technology from the RUSLE model was incorporated
into the AnnAGNPS model and not discuss or debate the use or validity of RUSLE technology itself.

AnnAGNPS MODEL STRUCTURE

In order to understand how RUSLE technology is incorporated into AnnAGNPS it is important to have fundamental
grasp of the basic structure of the AnnAGNPS model. From a high level, the AnnAGNPS model can be viewed as
having three main parts that are processed in sequence: Data Preparation, Simulation Processing, and Source
Accounting Output.

Data Preparation In the AnnAGNPS data preparation phase model input is read and verified, variables and arrays
are initialized, input data rearranged into efficient data structures, various pointers are set and, germene to this
discussion, RUSLE LS, K, C, P factors and a sediment delivery ratio to the edge of the field, are calculated. By far,
the majority of the RUSLE technology has been incorporated in this step.

Simulation Processing During the simulation processing stage, the daily effects of climate on runcff, snow pack,
crop growth, soil moisture, soil erosion, chemical transport, feedlots, impoundments and reach routing are
determined. All AnnAGNPS cells are processed then reach routing performed. During the processing of individual
cells, on days when a storm event and/or snow melt produces runoff, RUSLE factors that were calculated during the
data preparation phase are used along with an estimate of the storm event EI to calculate the sediment delivery at the
edge of the cell. No modification to RUSLE parameters occur with the exception of K factor which may be
modified in some cases if frozen soil conditions exist.

Source Accounting Output The source accounting output phase is where accumulations of runoff and contaminants
are analyzed over the entire simulation period to determine the contribution of a user identified cell(s) to a user
identified location in the watershed.

RUSLE CODE IN AnnAGNPS

RUSLE code in AnnAGNPS was converted from the RUSLE Model, Version 1.5 pre.h, written in the *C’
programming language. The RUSLE Model, Version 1.5 pre.h will be referred to as the original RUSLE model for
the remainder of the document. AnnAGNPS is written in Fortran90 therefore the original ‘C’ code had to be
converted to Fortran90. In the process of converting the original RUSLE model code, significant organizational
revisions were made to; separate the technology engine from the original RUSLE model user interface, simplify code
maintenance, produce debug reports, and increase code readability. In essence, RUSLE code was basically re-written
from scratch with a few exceptions. Every attempt was made to maintain the original technology contained in the
code and where technical changes were made they are noted in this paper. Fortunately, few technology related
changes were necessary.



ESTIMATION OF RUSLE FACTORS

During the data preparation step described above, RUSLE technology within AnnAGNPS calculates the LS, C, and
P factors for each cell in the watershed and a K factor for each soil in the watershed. The highest level subroutine
that controls the calculations of these parameters has the following flow control,

The remainder of the discussion describing the estimation of RUSLE parameters will follow the high level process
control flow depicted in Figure 1.

High Level Process Control

For each cell, if contours have been applied, determines the dominant
s —— contour for each year in a rotation. The dominant contour is the contour
thal is in effect for greatest number of days in a rotation year.

initialize contour
Rotatien Information

i

Calculate a weighted average temperature and precipitation, and minimum
-------------------------- decomposition coefficient for each of the 24, 15 day periods plus the soil
moisture replenishment rate,

initialize RUSLE
Climate Information

For each soil in the watershed, estimates average annual K factor by; 1
——=emne) Yoleanic soil equations, 2. Sotl Nomograph Equations, 3. Set equal to input
the Soil K factor; and estimates 24, 15 day K factors if desired and allowed.

Calculate RUSLE K
Factors

For #ach unique cell/s0il combination, estimates the average annual C
------------------------ factor for non cropland landuses. For cropland landuses, estimates the 24,

15 day C factors for each year in the crop rotation.

[
| Caleulate RUSLE C
Factors

For each non-water cell, estimates the LS factor from overland slope
profile data and calculates an equivilent uniform slope.

Caleulate RUSLE
LS Factors

Calculate RUSLE P
Factors and
Sediment Delivery
Ratios

wapsr crops, contours, terraces and drainage. Calculates a sediment delivery
ratio for each non-water cell from the overland profile and landuse cover,

[or each cell, estimates the P factor from the combined affect of strip

Figure 1

i AnnAGNPS allows the user to specify the application of a contour or
mechanical disturbance by month, day, and relative year in a rotation for every landuse. This capability is an
enhancement to existing RUSLE technolegy. In the original RUSLE technology, only a single contour or
mechanical application is allowed on a non-cropland landuse.

A contour and mechanical disturbance are both described in the AnnAGNPS input data under the coatour data
section. The only difference between the two is that mechanical disturbance has a ridge height of zerc. For the
remainder of this document, when a contour application or contour practice is mentioned, it applics to both a contour
and a mechanical disturbance,

The routine to initialize contour rotation information results in information that will be used in later calculations to
determine average annual C and P factors. For each non-water cell that has a rotation of operations with contours
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specified, the contour rotation initialization routine ssts a pointer o the dominant contour information for each year
in the rotation and calculates the nymber of years since the dominant contour was first applied. The dominant
contour is the contour that is on the ground for the greatest number of days in & rotation yeer. A contour applied in &
previous rotation year will carry over into the current year and its days for the current year considered until a new
contour is applied.

An example will help to explain. If there are two contour applications in four year rotation and the first contour was
applied on day 100 in rotation year one and the second contour is applied on day 200 in rotation year 3, the resulting
contour rotation information is in Table 1.

Table 1 Contour Rotation Example

M

Note that in rotation year three, when the second contour

| was actually applied, it is not the dominant contour for that
yeer because it was on the ground for only 165 days where
as the first contour was on the ground for 199 days.

l.hmm

Initialize RUSLE Climate Inforyation: RUSLE requires certain climate related data that is common to most of
the RUSLE routines. The logic and method used in each of these calculations is identical to that in the original
RUSLE. These calculations are: 1) Calculating & weighted average temperature and precipitation for each of the 24,
15 day periods, 2) Derive a monthly non-cumulative El distribution from the input monthly cumulative EI dats, 3)
Caleulate the soil moisture replenishment rate based on average annual rainfall. (This is used in the computation of
the soil moisture C sub-factor for the Pacific Northwest.)

;. For each unique svil in the watershed, K factor information is calculated. The only change
from the original RUSLE model is the ability to cycle through all the soils in the watershed. The structure of the K
factor commputations in AnnAGNPS was changed significantly from the original model. Figure 2 illustrates the high
level structure of the K factor routines used in AnsAGNPS.

Far Each Soil High Level Yiew Of K Faetor Calcylation

e e

If the Variable K-factor code is 'Yes' and the input EI Number beloags to a set
that aliows the K factor to vary, then time vanant K data is allowed.

Determine if tima
variant K ig desirad
and allowed.

If the Annaal K-factor code is Yes, K is calculated from soil nomograph
equations uniess Voleanic code js Yes in surface soil layer and if so, K is
computed from voleanic soil equations. [f the Arnual K-factor code is No, K
Bill be retrieved from the soil data,

Calculate Average
Annual K

If rime variant K data is allowed then 24 K factors (two per month) are

Calcuia't(ev'la':w:s\laﬂant | calculated and if not, each of the 24 K valves is set equal to the average anpusl
| erosion.

{  End Soil Loop i Figure 2

RUSLE C Factors: The computation of C factors in AnnAGNPS for a single cell is identical to that of the original
mode! with one exception. The original RUSLE model only allowed one contour practice to be applied to a non-
cropland cell. AnnAGNPS allows multiple contour practices to be applied in rotation on a non-cropland landuse,
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In the original RUSLE model, when a contour is specified on a non-cropland landuse, the average annual C factors
degrade over a period of time. The length of time is equal to the number of years it takes the soil to consolidate as
specified in the soils data. For example, if it takes seven years for the soil 1o consolidate, the original RUSLE model
will calculate seven average annual C factors with the C factor decreasing each successive year until it reaches its
minimum value the seventh year,

The same algorithm is used in AnnAGNPS to degrade average annual C factors but since contours can be in a
rotation on a non-cropland landuse, the C factor may not reach its fully degraded value before another contour is
applied. The contour rotation information discussed under Initialize Contour Rotation Information is used to
calculate the average annual C factors if contours have been applied. For each year in the rotation, the average
annual C factor is calculated for the dominant contour. The number of years since the contour was first applied is
used to determine the number of years the contour has degraded.

In implementing the C factor computations into AnnAGNPS it became obvious that computation time and memory
requirements to stare C factors for later use could be greatly reduced if redundant calculations and storage could be
eliminated. An AnnAGNPS watershed can be subdivided into many cells that can either be square or amorphous in
shape and each cell is assumed to have homogenous managemeat and soil. Often the cell size will be substantially
smaller than a field size resulting in many cells having identical management. If two or more fields have the same
management, even more cells will have the same management. In addition, the smaller the cell size, the more likely
the chance that two or more cells will have the same soil type. Therefore, in theory, as AnnAGNPS individual cell
size decreases, the number of cells with the same management/soil combination increases.

To reduce the number of C factor computations and storage requirements, calculations are made only on cells where
the management/soil combination has not been encountered previously. When a cell is encountered that has an
identical management/soil combination that has already been computed, the calculations are skipped and that cell’s
pointer to its C factor data is set to point to the previous cell's C factor dats that had the same management/soil
combination. This dramatically reduces computation time since thousands of lines of code are skipped and reduces
the internal storage requirements for C factor data as well.

In implementing C factor computations, major structural changes where made. The major difference between the
original RUSLE model and Ann AGNPS is that, in AnnAGNPS, each C sub-factor is calculated individually for the
entire rotation period. In the original RUSLE model, one large loop sequences through the rotation on 15 day
increments and all the C sub-factors are calculated in succession. AnnAGNPS, however, has many small
subroutines with each subroutine sequencing through the rotation. The advantage is that smaller subroutines are
easier to; code, verify, understand, and maintain. The disadvantage is that temporary storage requirements are higher
since individual C sub-faciors for the entire rotation period must be stored until all the other C sub-factors are
computed and those results combined to compute the final C factor. Figure 3 depicts a high level view of the
calculation of C factors in AnnAGNPS.

i. Only a few minor structural changes were made to the LS factor code from the original model.
The calculation of the LS factor in AnnAGNPS is the same as in the original model with the exception that the
RUSLE ‘Beta’ code values that describe the rill 1o inter-rill ratio are mapped to the table codes required by the LS
factor and shown in Table 2. The LS factor table code identifies which equation will be used to calculate the LS
factor in RUSLE.

Table 2: Relationship Between Beta Codes and LS Factor Table Values

=
RUSLE Beta Code _l LS Table Code
1 = rill/inter-rill erosion equal for bare soil (ratio = 0.035) 2 - moderate rill 1o inter-rifl erosion
2 = inter-rill erosion dominant for bare soil (ratio = 0.025) 1 - low rill to inter-rill erosion
3 = rill erosion dominant for bare soil (ratio = 0.050) 3 - high rill to inter-rill erosion
4 = coarse soil, low ppt., cover strongly affects runoff (ratio = 0.045) | 3 - high rill to inter-rill erosion

1-21



!
Allocate the cropland C
Factor Array

Allgcate the non-
cropland C factor array

For each non-water ¢all
in the watarshed

I3 this & non-
wcropland landuse?

No

Unigue mgt./soil
combinatlon?

Yes

The cropland C factor array is allocated to a two diminsional array
where the first diminsion is the sum of all ratation years for every cel)

1hal Is cropland and bas unique management/soil combination in the
watershed. The second dimension is 24, corresponding to two C
factors per month

The non-cropland € factor array is allocated to & one diminsional
gtray where the first dimeasios is the sum of 1) rotation years for
every cell that is non-cropland and hes a unigue management/soil
combination in the watershed.

Set celi non-cropland €
factor pointer o the
previous data with
same mgt/soll
combination

Unigue mgt./acil

combination? Nos

Yes
) 4

Calculate avg. annual
C factor for each year
In the rotation

-

Na
Yas Sel cell cropland C
- factor pointer to the
Calculate 24 C factors previous data with
for each year in the in same mgt/Sofl
the rotation combination
End foop of ceils in
watershed
Figure 3
RUSLE P Factors and Sediment Delivery Ratio’s: The calculation of RUSLE P factors and sediment delivery

ratio’s in AnnAGNPS are the same as in the original model with two exceptions. The original RUSLE model
allowed only ore contour practice to be applied on a non-cropland landuse and a sediment delivery ratio was
calculated only when a strip crop conservation practice was applied, AnnAGNPS allows for the application of more
than one contour practice to be applied in a rotation on a non-cropland landuse and a sediment delivery ratio is
calculated for each non-water cell regardless of whether a strip crop has been applied or not.
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In the original RUSLE model, when a contour is specified on a non-cropland landuse, the average annual contour P
sub-factors degrade over a period of time. The length of time is equal to the number of years it takes the soil to
consolidate as specified in the soils data. For example, if it takes seven years for the soil to consolidate, then the
original RUSLE model will calculate seven average annual contour P sub-factors with the sub-factor decreasing each
successive year until it reaches its minimum value the seventh year.

The same algorithm to degrade average annual contour P sub-factors is used in AnnAGNPS but since contours can
be in a rotation, they may not reach their fully degraded vaiue before another contour is applied. The contour
rotation information discussed under Initialize Contour Rotation Information is used to calculate the average annual
contour P sub-factors. For each year in the rotation, the average annual contour P sub-factor is calculated for the
dominant contour. The number of years since the contour was first applied is used to determine the number of years
the contour has degraded.

The same algorithm that was used in the original RUSLE model to calculate a sediment delivery ratio when a strip
crop was applied is used in AnnAGNPS 1o caiculate a sediment delivery ratio to the edge of the field for every non-
water cell. If there is not a strip crop specified for a cell, AnnAGNPS assigns a RUSLE predefined cover code to
each overland profile slope segment based on the type of landuse specified in the field data as shown in Table 3.

Table 3: Assigned Cover Code for Various Landuses

Landuse Specified in Field Data RUSLE Predefined Cover Code
Cropland 5 - light cover and/or moderatly rough
Pasture 1 - established sod-forming grass
Rangeland 4 - moderate cover and/or rough
Forest 3 - heavy cover and/or very rough
Urban | 2 - 1st year prass or cut for hay

Figure 4 is a high level view of the process used in AnnAGNPS to calculate P factors.

i
» For each non-water cell

Calculate strip crop P
sub-factor and Sed.
Delivery Ratios

If a strip crop has been
applied develop a strip
crop rotation

Calculate contour P
sub-factors

Calculate P factor for
aach year in the
rotation

Retrieve drainage P
sub-factor

Caleulate terrace P
sub-factor

End cell loop

Figure 4

DAILY TIME STEP SEDIMENT DELIVERY CALCULATION

Sediment delivery to the edge of the field is calculated whenever a runoff event occurs from rainfall, irrigation, or
snowmelt in the Simulation Processing phase of the AnnAGNPS model run. Each of the RUSLE parameters is either
calculated or retrieved from previously calculated data.

[l
[3%]
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The EI value is calculated given the rainfall distribution type and the rainfall amount using Equation 1 which is taken
from AGNPS.

_ A*exp(2.119 *log(R) *exp(0.0086 * log(24)))

E .
Y exp(B *log(24)) Equation 1
Table 4: EI Coefficient and Exponent by Storm Type
where: R = Precipitation or Snowmelt in inches A “
A = EI coefficient from Table 4 I 1503 | 0.5780
B = El exponent from Table 4 1A 1298 [ 0.7488
11 17.90 |0.4134
i1 21.51 0.2811
Given each of the cumulative rainfall distributions, Keith Uniform 9.41 1.1401
Cooley, ARS Scientist, Boise ID, calculated the A and B IIA-60 2099 | 0.2904
cocfficicnts to derive the storm BI value. For snowmelt, the TIA-65 21.84  0.2631
Uniform distribution is used. If precipitation and snowmelt 11A-70 2287 0.2365
occur on the same day, their respective EI values summed IIA-75 2396 0.2118
together. '

The K value is retrieved and modified for frozen soil conditions if the watershed is in the Palouse region using
Equation 2 supplied by Don McCool, ARS Scientist, Pullman WA,:

K=K*(1+14*(1—-exp(-—<4*{(M-05))) Equation 2

where: K= RUSLE K factor and,
M = Moisture fraction in surface soil layer

The remaining RUSLE factors, LS, C, P, and sediment delivery ratio are retrieved from previously calculated data
then the product of EI, LS, K, C and P is computed to determine the total potential erosion. This product is then
compared to the amount of thawed 30il available for erosion and the lesser of the two quantities is then multiplied by
the sediment delivery ratio to determine the amount of sediment delivered to the edge of the field.

REFERENCES

Wischmeier, W. H., Smith, D. D., 1978. Predicting Rainfall Erosion Losses-A Guide to Conservation Planning. U.S.
Depattment of Agriculture, Agricultural Handbook No. 537

Renard, K. G., Foster, G. R., Weesies, G. A.,. McCool, D. K., and Yoder, D. C., coordinators. 1997 Predicting Soil
Erosion by Water; A Guide to Conservation Planning With the Revised Universal Loss Equation (RUSLE),
USDA Agriculture Handbook No. 703, 404 p

Cronshey, R.G., & Theurey, F.D., 1998. AnnAGNPS — NON-POINT POLLUTANT LOADING MODEL. in
Proceedings First Federal Interagency Hydrologic Modeling Conference, 19-23 April 1998, Las Vegas, NV.

Young, R. A., Onstead, C. A, Bosch, D. D, Anderson, W. P., 1987, AGNFS, Agricultural Non-Point-Source
Pollution Model. A Watershed Analysis Tool. USDA Conservation Research Report 35, 30p

1-23



AnnAGNPS-REACH ROUTING PROCESSES

By Fred D. Theurer, Agricultural Engineer, Natural Resources Conservation Service, Beltsville, MD;
Roger G. Cronshey, Hydraulic Engineer, Natural Resources Conservation Service, Beltsville, MD

Abstract: The single-event AGricultural Non-Point Source Pollution (AGNPS) computer model has been replaced
with a continuous simulation version called AnnAGNPS (Annualized AGNPS). AnnAGNPS will predict pollutant
loadings (PL) anywhere within the watershed and identify their proportional contributions from selected points of
origin. The reach routing processes are the set of technical procedures used to determine the fate & transport of the
PL's once they are in the stream system.

The reach routing processes in AnnAGNPS track the fate & transport for the: (a) five sediment particle-size classes
(clay, silt, sand, small aggregate, & large aggregate); and (b) absorbed and dissolved forms of the major chemical
pollutants (nutrients, pesticides, & organic carbon). An accounting procedure is included that keeps track of the
amount originating from within a field or stream reach of any given PL by erosion type or chemical form that arrives
at any downstream point in the watershed.

The graphical peak discharge method in the Soil Conservation Service’s TR-55 is limited to watershed drainage
areas whose time of concentrations (Tc) do not exceed 10 hours (approximately 200 sq. mi.) and rainfall (P) to
runoff relationships whose initial abstraction (Ia) is less than 50 percent of the rainfall (0.1 <=Ia/P <= 0.5).
AnnAGNPS needs to operate satisfactorily for drainage areas up to 1000 sq. mi. (Tc's up to 48 hr) and rainfall-runoff
relationships that range between no runoff to total runoff (0 <=1a/P <=1). An extension of TR-55 is used to meet
these requirements.

The sediment reach routing process accounts for deposition when there is an oversupply of a particular sediment
class, and degradation when the particular sediment particle-size class transport is supply-limited and is available in
the bed & bank. Amounts of erosion by type (sheet & rill, bed & bank, and gully) are tracked throughout the reach
routing process. This allows the user to determine from where any particular sediment particle-size class originated
by erosion type, and how much.

The major chemical reach routing processes have been updated to include partitioning between absorbed and
dissolved states. The reach routing processes include: (a) the fate & transport of nitrogen & phosphorus; (b) a
separate reach routing routine for arganic carbon; and (c) the fate and transport for an unlimited number of
individual pesticides.

INTRODUCTION

The reach routing processes are used in AnnAGNPS (Cronshey & Theurer 1998). Sediment from sheet & rill
erosion is determined according to RUSLE (Geter & Theurer 1998). The results from AnnAGNPS are designed to
be used by the other computer models such as the sediment intrusion into salmonid redds model (Alonso et al 1998)
and the fry emergence model (Miller et al 1998).

The reach routing processes are assumed to be in an enclosed control volume. All inputs are total amounts (water,
sediment, & chemicals) entering at the upstream end only. Chemicals are equilibrated—equilibrium balance
between dissolved & adsorbed chemicals—immediately before routing begins. Sediments are routed by particle-size
class where each particular size-class is deposited, more entrained, or simply transported unchanged depending upon
the amount entering the reach, availability of that size class in the bed & banks, and the transport capacity of each
size class. The chemicals are re-equilibrated at the downstream end to reflect possible changes in either the amount
of water or fine sediment.

PL computer models require a water model component. The water model components needed by watershed-scale PL
models must include a simple peak discharge procedure. A very simple and precise procedure with accepted
credibility is the unit peak discharge (UPD) procedure included in Chapter 4, TR-55 (SCS 1986). However, TR-55
was developed primarily for use as an engineering field-level design tool rather than for inclusion in PL continuous-
simulation, field- & watershed-level computer models. While applicable for the range of conditions for which it was
developed, TR-55 does not cover the total range needed for such PL models.

1-25



HYDRAULICS

Ret;tangular shape o:hannc]s offer computational efficiencies, especially when coupled with unit-width assumptions.
Unit-width means dividing the respective parameter by the top width at the surface of the flow area.

For the hydraulic radivs, use the hydraulic depth; i.e., let:

dy =R=A/W Equation }
where: d,, = hydraulic depth, m;
R = hydraulic radius, m;
A = flow area, m’; and
W = flow width, m.

To solve for the velocity of flow when given the hydraulic depth of flow, use:
vu = (1n)d, 25,2 Equation 2

where: v, =flow velocity of water, m/s;
n = Manning's retardance;
d,, = hydraulic depth, m; and
S, = channel slope, m/m.

To solve for the hydraulic depth and velocity when given the discharge, use:

dw - [(n.qw)!(snlﬂ.)]o-ﬁ - O.G'SO-O.J‘qwﬂ,é
vy = Qu/(W-d,) = qu/dy Equation 3

where: d,, = hydraulic depth, m;
vy = flow velocity of water, nvs;
W = flow width of flow area, m;
n = Manning's retardance;
Q. = water discharge, m'/s;
gw = Qu/W, unit-width water discharge, m*/s/m; and
S, = channel slope, m/m,

And the term d,-Sg, derived from Equation 4, will be used in subsequent formulas:
dwSo = 1457, Eqguation 4

where: d, = hydraulic depth, m;
v, = flow velocity of water, m/s;
W = flow width of flow area, m;
n = Manning's retardance;
Qv = Qu/W, unit-width water discharge, m*/s/m; and
S, =channel slope, m/m.

HYDROLOGY

Peak Discharge: The following set of regression coefficients were generated using the Extended TRS5 (Theurer &
Comer 1992) procedures and curve-fitted using TableCurve 2D version 4 by Jandel. UPD's were calculated for
ninety-six [,/P24's at 0.0! increments of [/Py4 from O to 0.95 (0 <= [,/P»: <= 0.95) and forty-one T,'s from 0 to 48
hours using NEH-4 procedures (S8CS 1972). The UPD at 1,/P, equal one is zero because there is no surface runoff.
The resulting data sets [(96+1)*41=3977 element values for each of the rainfall distribution types] became the basis
for the extended TR-55 regression equations, error analyses, and subsequent findings. The mean error of the
regression equations with respect to the NEH-4 (SCS 1972) values over the entire range of [,/Py & T. conditions is
approximately 0.5% and the standard deviation is less than approximately 2%. Table 1 show regression coefficients
for each rainfall distribution. While AnnAGNPS uses [/P,4 increments of .05, only increments of 0.20 are shown

in Tabie 1.
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Table 1: Unit Peak Discharge Regression Coefficients

8.191203E-01

i
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d

e

T

2.098577E+00

1.420600E-01

6.403418E-02

-1.798058E-03

-0.69 1654E-04

0.20
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3.394364E-02
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3.126468E-03
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4.526567E-02
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2.978380B-07

0.006000E+00]

(Ia)

0.00

2.593320E-01
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2.573810E-02
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2.161611E-05

1.398574E-04

0.20
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6.560184E-01

2.566400E-03

-6.452636E-03
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1.709310E-03

0.40
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1.933978E-05
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4.480394E-03
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6.287665E-03
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8.602862E-02

1.642964E-04

1.576832E-02

2.481447E-07

(.000000E+00

(ID)

0.00

1.519530E+00

2.112862E+00

7.955306E-02

6.263867E-02

8.513482E-03

6.758214E-03

0.20

6.687890E-01

2.523586E+00

1.716150E-02

1.954410E-02

2.808914E-03

6.678482E-03

0.40

2.272377E-04

3.907665E+00

3.468720E-02

1.245753E-01

9.446148E-04

6.197919E-03

0.60

1.690395E-02

2.321569E+00

8.300435E-03

7.991502E-02

4.118532E-04

7.692973E-03

0.80

1.042173E-03

-1.020764E-04

-3.811053E-06

2.367960E-03

9.35G939E-09

-3.038358E-05

0.00

9.357636E-01

1.368530E+00

7.585186E-02

5.733524E.02

5.252073E-03

4.195782E-03

(I11)

0.20

4.129800E-01

1.675525E+00

3.451340E-02

5.583967E-02

8.903714E-04

2.210996E-03

0.40

1.218296E-01

2.203114E+00

2.877259E-02

1.196262E-01

3.657518E-04

2.572314E-03

0.60

1.103889E-02

7.637374E-01

2.652503E-03

3.138008E-02

2.008206E-04

3.555352E-03

0.80

1.130600E-03

1.856640E-02

-1.738106E-05

1.191404E-03

2.667614E-06

1.966816E-04

3
(Untform)

0.00

4.161024E-02

-2.291070E-02

-8.630791E-04

6.634947E-04

1.701998E-05

2.227598E-06

0.20

2.878569E-02

8.682334E-02

2.068012E-03

4.156828E-03

7.760004E-05

1.814001E-04

0.40

1.699438E-02

8.378853E-02

8.549266E-04

5.301781E-03

4.058543E-05

2.325788E-04

0.60

9.214130E-03

1.278936E-01

6.050135E-04

1.159786E-02

4.280640E-05

7.157927E-04

0.80

3.838705E-03

2.412793E-01

4.980051E-04

4.502355E-02

4.258091E-07

0.000000E+00

)
(11-a60)

0.00

2.88G749E+00

3.273784E+00

1.446065E-01

1.008957E-01

0.000000E+00

0.000000E+00

0.20

1.369500E+00

5.0644538+00

4.248368E-02

6.499361E-02

1.513193E-03

3.541284E-03

0.40

6.334482E-01

1.025432E+01

8.351263E-02

3.603484E-01

-7.26070Q0E-05

0.000000E+00

0.60

6.916727E-02

9.339188E+00

2.710800E-02

2.062739E-01

-1.364500E-04

0.000000E+00

0.80

6.231650E-04

-3.411600E-05

1.982740E-06

t.572730E-03

5.316790E-07

3.229390E-05

(II-a65)

0.00

3.105260E+00

3.109283E+00

1.921849E-02

2.5358174E-03

0.000000E+00

0.000000E+00

0.20

1.545424E+00

5.073367E+00

4.194001E-02

1.385273E-01

6.308 154E-03

1.344247E-02

040

-3.89279E-01

2.625254E+00

~-8.147355E+00

3.551340E-01

-1.974840E+00

-6.946600E-04

0.60

1.437442E-01

1.328429E+01

3.844520E-02

3.615560E-01

-1.330700E-04

(.000000E+00

0.80

6.041370E-04

-1.627500E-05

-3.202300E-06

9.379760E-04

4.116320E-07

2.514860E-05

8
(II-a70)

0.00

3.431447E+00

3.225395E+00

1.107677E-02

0.000000E+00

0.000000E+00

0.000000E+00

0.20

1.839241E+00

5.556090E+00

5.400739E-02

2.103572E-01

1.038225E-02

2.210380E-02

0.40

7.815830E-01

8.413013E+00

3.026382E-02

4.524973E-02

-4.612800E-04

-1.478290E-03

0.60

2.420561E-01

1.570367E+01

4.432599E-02

4.906144E-01

-9.166000E-05

0.000000E+00}

0.80

6.652130E-04

7.173470E-06

-2.262900E-05

-4,840000E-04

8.703930E-07

6.233150E-05

(11-a75)

0.00

3.774411E+00

3.3406085E+00

5.425804E-03

0.000000E+00

0.000000E+00

0.000000E+00

0.20

1.997334E+00

5.379884E+00

1.185453E-01

4.992425E-01

2.332722E-02

4.056452E-02

0.40

8.924026E-01

8.062642E+00

1.867840E-02

0.565487E-02

2.095755E-03

1.197524E-02

0.60

3.367238E-01

1.578486E+01

4.151122E-02

5.062234E-01

-4.802100E-05

0.00000CE+-00

0.80

1.123760E-03

9.764010E-03

-1.679900E-04

-6.336630E-03

1.133440E-05

8.685300E-04
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The general form for the regression equation to calculate the peak discharge is:

Q,=2717177778-10° - B, - D, -

“"'(c':’:)*(e'l‘f] B |
1+(b.22)+(d-1;2)+(f'11-3] Equation 5

where: Q, = peak discharge, m3;'s;
D, = total drainage area, hectares;
Py =24-hour effective rainfall over the total drainage area mm;
T, = time of concentration hr; and
a, b, ¢, d, e, & fare the regression coefficients for a given /Py, and rainfail distribution type.

Time of Copcentration: Time of concentration is calculated according to the procedures described in TR-55 (SCS
1986).

Hﬂmm A triangular shape is assumed. Since the sediment transport is only concerned with the
duration for an average discharge, the time to peak is not important and a right triangle was used to calculate the
sediment transport.

The time to base of the hydrograph (duration of surface runoff event) is:
t, = 20(R-DYQ,) Equation 6

where: Q, = peak discharge, m’/s;
D, =total drainage area, hectares;
R = surface runoff volume from upstream drainage area, mm; and
f, = time to base, s.

The hydrograph as a function of time is:
Qu=(Qyt)t, for0<tst, Equation 7

where: Q,, =discharge as a function of time, m*/s;
Q, = peak discharge, m'/s;
t, =time to base, s; and
t  =time from beginning of runoff, s.

And the unit-width peak discharge is:

qp = Q/W Equation 8
where: g, = unit-width peak discharge, m’/s/m;
Q, = peak discharge, m*/s; and
W = flow width, m.
SEDIMENT YIELD

Al sediment routing in the concentrated flow channels is performed by the five particle-size classes (sand, large &
small aggregates, silt, and clay) and for each increment of the hydrograph.
If the sum of all incoming sediment (g,) is greater than the sediment transport capacity (q,.), then the sediment
deposition algorithm is used. If that sum is less than or equal to the sediment transport capacity, the sediment
discharge at the outlet of the reach (g,;) will be equal to the sediment transport capacity for an erodible channe! (by
particle-size}. Otherwise, if the upstream sediment discharge (q,) is less than or equal to the sediment transport
capacity (q,) and the channel is non-erodible for that particular particle-size, the downstream sediment discharge
(Qs2) is assurned equal to the upsiream sediment discharge (q,).

o I (qq-qsc) S O & the bed is erodible for the particular particle-size class, then q,; = qy; or

¢ if (gy-Qs) € 0 & the bed is non-erodible for the particular particle-size class, then q,; = g,;; or

s if (g -qs) > 0. then the sediment deposttion algorithm 1s used.
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Sediment Concentration: The definition for sediment concentration is:

C,=5/W Equation 9
where: C, = sediment concentration, Mg-sediment/Mg-water;
S = sediment mass, Mg; and
W = water mass from upstream drainage area, Mg.

Sediment concentration is assumed to be constant throughout the hydrograph; therefore, the sediment load for a
given discharge at any time during the runoff hydrograph is:

Q= G Ow Equation 10

where: C, =sediment conceniration, Mg-sediment/Mg-water;
q, = unit-width sediment load, Mg/s/m; and
q, = unit-width water discharge at any time, Mg/s/m;

Sediment Transport Capacity Algorithm: The sediment transport capacity (g,) and the unit-width water discharge

(g.) are based upon the parameters at the upstream end of the reach (x;).

The shear velocity. assuming unit-width, is based upon the parameiers at the upstream end of the reach (x;) and i3
defined to be:

Us = [gduS)'? = g**n02.8.2%.q,%* Equation 11
where: d,, = hydraulic depth at x;, m;
g = gravitational constant, 9.81 m/sec’;
n = Manning's retardance;
gy = unit-width water discharge at any time, Mg/s/m;
S. = channel slope, m/m; and
U. = shear velocity at x;, m/s.

For clay, silt, and small aggregates, use A = 1; for sand and large aggregates, use:
A= [(6-v (e Ua))/{ 1-exp[-(6-v)/ (- Us)1} Equation 12

where: A = constant of proportionality, for any flow and particle-size, between the depth-average suspended
sediment concentration and the concentration at the laminar sub-layer plane, non-dimensional;
K = von Karman's turbulent-flow mixing-length constant (assume 0.4), non-dimensional;
U.= shear velocity at x;, m/s; and
v = particle fall velocity (see Table 2) , m/s.

For each particle-size, the sediment transport capacity is:
Qe = kv 2 v Equation 13

where: q. = unit-width sediment transport capacity, Mg/s/m;
k = transport capacity factor (see Table 2}, non-dimensional;
7 = bed shear stress; Mg/m®
v, = flow velocity of water, m/s; and
v; = particle fall velocity (see Table 2), m/s.

The bed shear stress can be computed as follows:
1 =Yode- S, Equation 14

where: T = bed shear stress; Mg/m®
Yo = 1.00, water density, Mg/m®;
d, = hydraulic depth at x;, m; and
S. = channel slope, m/m.

Table 2 contains the physical properties for each particle-size class (note D, is in millimeters and v is in millimeters
per second).
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Table 2: Particle-size Class Physical Properties (after Young et al 1987)

Particle-size Class | Particle Size{ Particle Fall Transpor—tEapacity Equivalent [
l(iang)e Df;;g:/tygq}ru) Ve:ocli]:}y ){'v,) Factor (vp) Sand Size (D)
mm). . m mm/s) | . (mm)
cla <0.002 2,60 3.11-10° 6.242-10" 2.00:10°
sill (.002-0.050 2.65 8.02-10° 6.053-10°7 1.00-10°
sand 0.050-2.000 2.65 2.31-10" 6.053-107 2.00-10"'
small aggregates (SAGG) | 0.020-0.075 1.80 3.81-10" 12.478-107 3.51.107
Ilarge agért:a:ates (LAGG) | 0.200-1.000 1.60 1.65-10" 16.631-107 5.00-10"

Converting v in millimeters per second to meters per second, and using Equation 13 results in:

C =322-k-Yu/ve and
Qs = Cn 8.5, g, Equation 13
where: .. = unit-width sediment transport capacity, Mg/s/m;
C = particle-size class constant for the sediment transport capacity (see Table 3), Mg-s/m*;
k = transport capacity factor (see Table 2), non-dimensional;
n = Manning's retardance;
qy = unit-width water discharge, m’/s/m;
8. =channel slope, m/m.
v = particle fall velocity {see Table 2), mm/s; and
Y, = 1.00, water density, Mg/m".

Using Equations 7, 8, & 15, the 1o1al sediment ransport capacity for the hydrograph is:
"8 -06 _ ¢l3 14 ;
S, =_L (W -q_\_L_)dr=W Cn 'SO q, 'tbf2.4 Equation 16

where: € = particle-size class constant for the sediment transport capacity (see Table 3}, Mg-s/m*
n = Manning's retardance;
Qe = unit-width peak discharge, m'/sim;
gs= unit-width sediment transpart capacity, Mg/s/m;
S, = total sediment transport capacity mass, Mg.
8, =channel slope, m/m,
t = time from beginaing of runoff. s;
t, = time to base, s; and
W = flow width, m.

Table 3 contains the sediment transport capacity constants for each particle-size class (note D, is in millimeters and
v¢ Is i millimeters per second).

Table 3: Particle-Size Class Sediment Transport Capacity

_Class (mm) .| Mg/m®) | (mmis) | _ | Mgsmh
clay 2.00-10° 2.60 | 311107 | 6.242-107 | 2.0071-10™
silt 1.00-10™ 265| 802107 | 6053107 [ 7.5474.10°7
sand 2.00:10" 2.65 | 231107 | 6.05310° | 2620310
SAGG 351102 1.80 [ 381007 | 1248107 [ 3.2756.10°"
LAGG _5.00-10‘1 1.60 [ 1.6510" | 1.663.10° | 1.0079-t0**

Sediment Depgsition Algerithm: The sediment routing for each reach is done using the unit-width, stcady-state,
uniform, spatiatly-varied sediment discharge model.

The sediment routing for all reaches will be the same. All upstream sediment discharges (q;) will be the sum of all
incoming sedimen! from upstream reaches plus the local sediment associated with the upstream end of the current
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reach. Primary cell upstream sediment discharges {(q,;) wiil consist only of local loadings since there is no incoming
sediment from upstream reaches to a primary cell.

Gsz = QueH(Qa1-450)-exp(-Ny)] Equation 17

where: A = Einstein’s constant of propettionality, non-dimensional;
L, =distance from x, to X, m;
Ny = (A-vyL;)/q., deposition number. non-dimensional;
gs; = unit-width sediment transport capacity, Mg/s/m;
qa = upsiream unit-width sediment discharge at x, Mg/s/m;
(52 = downstream unit-width sediment discharge at x,. Mg/s/m:
Qw = unit-width water discharge, m’/s/m: and
vy = particle fall velocity. m/s,

Table 4: 15-Point Gaussian-Legendra
Quadrature for Numerical Integration

i e Einstein’s constant of proportionality (A) is actually the ratio of
FPoint No. e - the suspended sedimenf C(]))nccmmtio}n at the bottomyof the water
1 006003741| .01537662] column (near the bed surface) to the average concentration of
2 031363304| 035183024 suspended sediment throughout the water column.
3 075896109| .053579610 . ; . : ; ’
1 137791135 | 060785339 For primary cells, the d.lstance i.rom x) 10 x5 is the distance from
3 5 14513514] 083134603 the hydraulically most distant point (x;) to the cell outlet (x3),
6 302924330( 093080500 For secondary cells, the distance from x, to x; is the length of the
7 1399402954 099215743 concentrated flow channel segment for the reach. The autlet for
3 s00000000| 101289120 each reach is always x, in the above equations. All mcoming
9 600597047| 099215743 sediment from upstrearmn reaches is assumed to enter at the
10 697075674 093080500 upstream end of the reach (x;). Local loadings (originating within
T 785486087| 083134603 the associated cells) are assumed to be delivered to the
2 R67203866| 069785339 downstream end of the cell’s asseciated reach (x3).
13 924103292 .053579610 The channel dimensions for each reach are based upen the flow
14 J968636696| .035183024 characteristics for the respective reach; and for the geomorphic
15 .993006259] 015376621 aption, the top width and depth are based upon the drainage area

at the upstream end of each respective reach,

Gaussian-quadrature is vsed for numerical integration when closed form analytic solutions are not known. The
subprogram GAULEG (Press et al 1987) generates the abscissas (t;) & weights () for a given N-point Gauss-
Legendre quadrature. Points for the 15-point Gaussion-Legendra quadrature (Carnahan et al 1969) are shown in
Table 4.

The N-point Gaussian-quadrature numerical integration of Q; as a function of t is:

f:.fEQsdf = (fz - I1). [Zf:;'\’ (w:' 'Q.m' )] BUAORETS

i=
=i

where: Q, = sediment load as a function of time; Mg/sec;
Q,; = sediment load at Gauss-Legendre time point t;; Mg/sec;
t; = time al beginning of time period, sec;
t, = time at end of time period, sec;
i = Gauss-Legendre point number;
N = last Gauss-Legendre timne point; and
w, = Gauss-Legendre weight, non-dimensional.



CHEMICAL ROUTING

In general, chemicals exist in two phases: (1) dissolved (solution); and (2) attached (adsorbed) to clay-size particles.

Three nutrients are recognized by AnnAGNPS: (1) nitrogen; (2) phosphorous; & (3) organic carbon. Nitrogen &
phosphorous are recognized as to be able to exist in both the soluble and adsorbed state. Organic phosphorous is
assumed to be insoluble; therefore, only inorganic phosphorous is subject to equilibration. Organic carbon is
assumned to be part of the clay-size particles with a known organic carbon to clay ratio.

AnsAGNPS allows any number of pesticides, each with their own independent chemical propertics, but they are
treated separately; i.e,, there is no interaction assumed. Independent equilibration is assumed for each pesticide.

Adsorbed Chemicals: Conservation of mass calculations are made for any adsorbed chemicals if the clay-size
particles are deposited within the stream reach. Re-equilibration, for the necessary chemicals, are repeated at the
downstream end if clay-size particles are deposited or entrained from the bed & banks, or if there is any loss of
water,

Solution Chemicals: Conservation of mass calculations are made for any chemicals in solution if there is any loss
of water within the stream reach. Re-equilibration, for the necessary chemicals, are repeated at the downstream end
if there is any change in the amount or source of clay-size, or if there is any loss of water.

Equilibration: A simple first order equilibration model for equilibration is used:
M, = M/(1 + Ky) Equation 19

where: Ky = partition coefficient of chemical, non-dimensional;
M. = total mass of chemical both adserbed & in solution, Mg; and
M, = total mass of chemical in solution. Mg.
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THE RIPARIAN ECOSYSTEM MANAGEMENT
MODEL (REMM): PLANT GROWTH COMPONENT

L.S. Altier, Assistant Professor, California State Univ., Chico, CA;
R.G. Williams, Civil Engineer, USDA-ARS, Tifton, GA; R.R. Lowrance, Ecologist, USDA-ARS, Tifton, GA;
S.P. Inamdar, Post-Doctoral Associate, Univ. of Georgia, Tifton, GA

INTRODUCTION

The Riparian Ecosystem Management Model (REMM) has been developed as a tool to aid natural resource agencies
and others in making decisions regarding water quality management. It is also intended as a tool for researchers to
aid in the study of the complex dynamics related to the water quality functions of riparian ecosystems. REMM is
specifically designed to simulate processes in riparian buffer systems corresponding with specifications
recommended by the U.S. Forest Service and the USDA-Natural Resource Conservation Service as a national
standard (NRCS, 1995; Welsch, 1991).

Vegetation serves a critical role in riparian buffer systems for the control of water quality. Besides acting as a
physicai barrier to surface movement of water and associated pollutants, plants sequester potential pollutants such as
N and P in standing biomass. The organic matter deposited in the soil by plants serves as a substrate for microbial
transformations. Along the stream bank, large woody biomass is important for protecting aquatic habitat.

For these reasons, several aspects of plant growth are particularly important for simulating their water quality
functions in a riparian ecosystem: the hydrology of the system is sensitive to water extraction from the soil by plant
transpiration; soil nutrient dynamics are sensitive to rates of litter deposition above and below the ground surface;
and nutrient uptake and sequestering by plants corresponds ta plant growth rates. Another requirement of the madel
is the ability to simulate the management of riparian buffer systems involving one to many plant species growing in
ohe OF more canopies.

Numerous plant simulation medels have been developed. Each has strengths in simulating aspects of plant growth.
REMM relies on several of these for components of the plant module. The FOREST-BGC is growth model that
simulates an even-aged forest stand (Running and Coughlan, 1988; Running and Gower. 1991}, TREGRO is a
single tree growth model that is very detailed in simulating phenological patterns (Weinstein and Beloin, 1990). It
also employs a sink-based approach to growth and carbon partitioning, which makes it sensitive to environmental
influences. SUCROS (Van Keulen et al., 1982) and SUCROSS87 (Spitters et al., 1989) are models for herbaceous
growth that employ a source-based approach to growth. A model by Jones et al. (1991} has provided an approach to
simulating the response of root growth to environmental stresses. PAPRAN is a model simulating plant nutrient
uptake (Seligman and van Keulen, 1981). Work by Mohren (1986) focused on the effects of nutrients on growth.

DESCRIPTION OF MODEL

The Riparian Ecosystem Management Model (REMM) simulates the growth of several types of herbaceous and
woody vegetation in two canopy layers for even-aged forest stands, Feedback between vegetation and the
environment allows sensitivity to changing resource levels. Carbohydrates are allocated dynamically to the plant
organs or held in reserve according to the phenological and nutritional status of the plants. Generalizable for a wide
variety of conditions and plant characteristics, the model enables evaluation of the effects of riparian management
such as nutrient loads, choice of vegetation, and harvesting regimes on pollutant output into the stream.

There are several distinct submodules in REMM that simulate the growth of different types of plants. These plant
types are identified in Table 1. In parameterizing the model for different plants, the mast specificity is available in
regards to the woody species. Because of the sensitivity of nutrient cycling to Jeaf longevity (Running and Gower,
1991), coniferous species are distinguished in the REMM user interface with respect to this factor. Several different
deciduous plant types are distingnished with respect to their leaf drop pattern. However, individual species present
in a particular buffer system may be characterized through the parameterization of many variables.
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These variables represent values for the initial sizes of the plants, rates of photosynthesis, respiration requirements,
rates of growth and mortality, seasitivity to light and temperature, response to nutrients, and timing of phenostages.
The values of these variables for major riparian species are graduatly being compiled into library files accessible in
the REMM user interface.

Table |. Vegetation types simulated in REMM,

Vegetation Type Lower Canopy Upper Canopy
Herbaceous Species
]. annuals X
2. perennials X
Woody Deciduons Species
3. autumn leaf drop X X
4, marscescent leaf drop X
5. vernal leaf drop X X
Coniferous Species'
6. short needle longevity X X
7. medium needle longevity X X
8. long needle longevity X

“TLongevity of needles may vary from 2 to 20 years.

Photasynthesis
The calcutations for photosynthesis follow the procedures described by Running and Coughlan (1988) in the

FOREST-BGC model. For the purposes of determining photosynthesis and germination, solar radiation is
sequentially intercepted through upper and lower plant cancpies. Beer’s law is vsed to calculate the extinction of
light.

Photosynthesis is calculated as a function of leaf area index, daylength, mesophyll conductance of CO,, and stomatal
conductance of H,O. Mesophyll and stomatal conductance are determined by adjusting a maximum rate by effects
of nutrients, light, temperature, humidity, and leaf water potential,

Nutrient Uptake

The simulation of nutrient uptake and partitioning to plant parts follows the approach of the PAPRAN model
(Seligman and van Keulen, 198). It is based upon demands created by growth. The SPUR model for rangeland
production (Hanson et o/, 1983), and modeis by Mohren (1986) and Chen et al. (1988) for tree growth also utilized
this concept. The approach allows simulation of changing altocations of nitrogen and phosphorus to ditferent plant
organs, based upen availability and demand.

Although N affects both photosynthesis and growth, it has a relatively greater affect on growth. Low levels of
nutrients in the plant will allow some photosynthesis to continue, but there may not be sufficient quantities to meet
the growth demands by all the plant organs. Under these conditions, grawth is favored in the lower parts of the plant
that have priority access to nutrients.

Carbon_Partitioning and Growth

The partitioning of nutrients and photosynthates for woody species in REMM corresponds with the concept of a
functional equilibrium between roots and shoots described by Brouwer and De Wit (1968). According to this
concept, plant organs are in competition for nutrients and photosynthates. A plant organ supplying a resource will
have the first opportunity to fulfill its demand. 1f the supply organ is reduced in size, resulting in a reduced supply
of a resource, growth of other dependent organs will slow down until the supply organ has recovered,

For woody species, C is dynamicaily allocated to maintenance respiration, shoot growth, root growth, and storage, in
that order of priority, based upon sink strength. Demand by the plant organs for photosynthates is determined by
relative growth rates modified by temperature, moisture, nutrient, and phenological effects. Stored C is used when
the respiration and growth demands for photosynthates exceed daily rates of photosynthesis.
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Woody plant growth follows an annual pattern of phenological stages described in the TREGRO model by
Weinstein ef af. (1992). The onset of cool, autumn weather or short daylengths can induce a dormancy condition in
the aboveground parts of temperate plants. Only fine roots can remain active, and if temperatures are sufficiently
high, their growth can occur throughout the year. Dormancy of upper plant parts continues until a ¢hilling
requirement has been satisfied. With increasing spring temperatures, buds swell and eventually open to begin leaf
expansion. During the growing season, periods of branch and stem growth are signaled by accumulation of thermai
units.

A simpler source-based approach is used for determining the growth of herbaceous annual and perennial plants.
After maintenance respiration requirements are met, the amount of growth is dictated by the amount of
photosynthates available, allocated to each plant organ according to fixed ratios.

Reproduction and Germination
Reproductive organs are not modeled explicitly. For most plant types, they are disregarded. For herbaceous

annuals, after the plants reach reproductive stage, a relatively larger proportion of phatosynthates are allocated to
stem growth to represent the expenditure of carbohydrates on non-photosynthesizing tissue.

Germination is simulated for only the lower canopy vegetation. It is modeled as a function of moisture, light, and
temperature effects as well as proportions of seed species in the soil. Shading by existing vegetation will tend to
inhibit germination. However, once plants germinate, they become an indistinguishable part of the biomass of their
respective plant type in the lower canopy.

Mortality
Plant parts die in different ways, Plant parts senesce as a result of annual cycles, such as with leaf drop of deciduous

trees or the death of herbaceous plants. They may also die as a result of an inability to satisfy their maintenance
respiration requirement due to lack of photosynthates. A shortage of photosynthates may result either directly from
Jack of light or indirectly from lack of water or nitrogen. During the winter, a shortage of stored carbohydrates may
also reduce the ability of herbaceous perennials to emerge in the spring.

Another kind of mortality occurs on a regular basis as the sapwood of trees is converted into heartwood. REMM
keeps track of annual cohorts of sapwood growth. When a cohort reaches a critical age, it becomes heartwood.

SIMULATION OF RIPARIAN BUFFER SYSTEM

Site Description

Initial testing of the model has been conducted using parameter values based upon the Gibbs Farm Experimental
Riparian Site at the University of Georgia Coastal Plain Experiment Station near Tifton, GA. Extensive monitoring
of this site has been conducted since 1992, The study area is located in the Tifton Upland in the drainage area of the
Little River. The site has been managed as a three-zone buffer system. Zone 1 is a 10 m-wide strip of hardwoods.
mostly yellow poplar (Liriodendron tulipifera L.} and black gum (Nyssa sylvatica Marsh.,). Zone 2 is 40 to 35 m
wide. consisting of conifers, primarily longleaf pine (Pinus palustris Mill) and slash pine (Pinus elfioni Engelm.).
Zone 3, the area of the buffer furthest away from the stream, is an 8 m strip of perennial grasses, mostly common
Bermudagrass (Cynodon dactylon L. Pers) and Bahia grass (Paspalum notatum Flugge.). Most of the
riparian area is on Afapaha loamy sand (loamy, siliceous, thermic Arenic Plinthic Paleaquults). The upland fields
are on Tifton loamy sand (fine-loamy, siliceous, thermic, Plinthic Kandiudult) (Calhoun, 1983},

Lowrance et al. (1998), Sheridan et al. (1996, 1998) and Bosch et al. {1996} have provided detailed descriptions of
this site and information regarding data collection. Evaluation of the hydrology, erosion, and nutrient components
of the model have been described in companion papers to this one (Bosch et al.. 1988; Inamdar et al., 1998a,b).
While there are severai management treatments at the site, only data from the buffer system comprising the mature
forest area have been used for initial evaluation of the model.

Parameterization ‘
Input data requirements for REMM include: daily historical weather data for the site; daily surface and subsurtace

runeff loading from the contributing upland field; and topographic, soil, and vegetation information. Each zone was
modeled with only one vegetation type. Initial estimates of vegetation biomass are associated nutrient contents are
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necessary to get the model running. Parameter values were based upon data collected from the site or best estimates
from literature values,

Table 2. lnitial values of a few parameters concerning vegetation growth,

Parameter Units Zone 1 Zone 2 Zone 3
Hardwood Forest Pine Forest Perennijal Grass
Upper Lower Upper Lower Upper Lower
Canopy Canopy Canopy Canopy Canopy Canopy
Area Covered % 100 0 100 1] 0 100
LAl 0 = 8.75 - - )
SLA? hakg'l 0.0025 .- 0.0025 - - 0.0022
MaxRiDpth® cm 100 - 200 - - 200
Leaves kg ha! 0 - 3,500 - - 0
Branches kgha'| 20,000 - 20,000 - - -
Stem* kg hat| 20,000 = 20,000 - - 0
Stem Heartwood |kg ha!| 120,000 = 120,000 = - t
Coarse Roots  |kgha'| 80,000 = 8,000 = = e
Fine Roots kg ha'!| 3,000 = 3,000 - = 1,000
|

"Leaf area index

Specific leaf area

*Maximum possible rooting depth

*Sapwood (woody species) or herbaceous stems

Since the trees were about 50 years old, it was assumed that net annual growth was close to zerg, That is, annual
respiration requirements plus tissue mortality was expected to nearly batance photosynthetic capacity. Some
calibration of growth rates in the model was done to reflect this. Table 2 indicates some values used to parameterize
the model for the Gibbs Farm Site. Because of the difficulty of accurately estimating existing plant biomass out in
the field, especially of roots, simulated plant growth was seen to behave rather erratically for a few years until the
masses of the plant parts reached an equilibrium. For that reason, the model was run for one hundred vears with the
same five-year data set before extracting the data shown in the results.

Results and Discussion .

The figures below show the simulated patterns of leaf growth and corresponding uptake patterns of N and P for the
three predominate vegetation types in the buffer system. They provide an indication of annual periods when
different kinds of vegetation may be effective in reducing available nutrient loads in the soil. The grasses have very
high rates of nutrient uptake, especially N for a relatively short period of time (Fig. 1). Increasing amounts of
carbohydrate storage in the grasses correspond with a declining growth rate late in the season. Translocation of
nutrients occurs from senescing plant parts at that time and uptake from the soil ceases.

e Loaf €
——N Uptake

500
450

400 -
35Q -
300 |
250 |
200
150 !
100 |
50 i

o
=
-
-
[
=
-]

Leaf C (kg/ha}
Nutrient Uptak
(kg/haiweak)

Jan-86

O = N W e g N WD

0 i""“ gt M:'.

Jan-92 Jan-93

Date

Figure 1. Simulated leaf C and nutrient uptake in the Zone 3 grass strip.
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Figures 2 and 3 illustrate more even uptake patterns of nutrients throughout the year by the trees, albeit at much
slower rates. Average annua) uptakes of nutrients are shown in Table 3. it is apparent that grass has the capacity to
extract relatively high total amounts of nutrients from the soil. However, unlike the trees, grass is of little benefit
during the winter. Further, unless the prass were to be harvested from the site, with a short life span and a rapid
decomposition rate in the soil, grasses would provide little long-term water quality benefits.
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Figure 2. Simulated leaf C and nutrient uptake in the Zone 2 pine forest.
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Figure 3. Simulated leaf biomass and nutrient uptake in the Zone 1
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Table 3. Annual simulated uptake of N
and P by the vegetation types in the buffer
system (average over five years).

(rass Conifer Deciduous
------------ e ——
N 75 23 14
P 8 6 4
SUMMARY

The vegetation module simulates growth of annual and perennial herbaceous and woody plants in two canopies.
Several different types of woody perennial plants are characterized in the model, corresponding to leaf fall patterns
and leaf longevity of deciduous and evergreen species. There is no allowance in the current version of the model for
succession of plants from the lower canopy into the upper canopy. It is also assumed that the upper canopy is
entirely above the lower canopy. Incoming short-wave radiation is divided among vegetation types in the upper
canopy according to the relative proportion of tand covered by each stand. Radiation is divided among vegetation
types in the lower canopy according to the relative sizes of their teaf area indices. Available moisture and nutrients
in the soil are allocated to vegetation types according to relative demands and masses of roots in each soil layer.
The resulting simulation model is very sensitive to changing environmental conditions. Comparisons in different
locations with different plant species are ongoing to test the accuracy of the sitmulations.
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UTILIZING A LAGRANGIAN-EULERIAN APPROACH TO WATER-QUALITY
ASSESSMENT OF THE WATEREE RIVER, SOUTH CAROLINA

By Toby D. Feaster, P.E., Hydrologist, U.S. Geological Survey, Water Resources
Division, Columbia, South Carolina

Abstract: In preparation for developing a dynamic streamflow and water-quality model
to simulate flows and dissolved-oxygen concentrations in the Wateree River, South
Carolina, a water-quality sampling scheme was designed based on Lagrangian and
Eulerian reference frames. Designing a Lagrangian sampling scheme for the Wateree
River was possible because data from a previous study were available, and the flows were
known prior to the beginning of the study. By utilizing the previous data and models, the
analytical laboratory cost for the sampling could be reduced by as much as 65 percent
relative to an Eulerian sampling scheme. In addition, the water-quality data and field
parameters for the Lagrangian water parcels could be used as a tool for assessing the
major influences on the dissolved-oxygen concentrations before calibration of the model.

INTRODUCTION

In May 1996, the U.S. Geological Survey (USGS) entered into a cooperative agreement
with the Kershaw County Water and Sewer Authority, South Carolina, to develop a
streamflow and water-quality model to simulate dynamic flows and dissolved-oxygen
(DO) concentrations in the Wateree River, South Carolina.

During a previous study of the Congaree, Wateree, and Santee Rivers, South Carolina
(Hurley, 1991), the USGS used a one-dimensional numerical flow model for singular and
interconnected channels (BRANCH) to simulate flow in the Wateree River (fig. 1)
(Schaffranek and others, 1981). Hydraulic data computed by the BRANCH madel were
used as input for a one-dimensional transport model, the Branched Lagrangian Transport
Model or BLTM (Jobson and Schoelthamer, 1987). The BLTM was used to simulate
transport and dispersion of striped bass eggs in the Wateree, Congaree, and Santee
Rivers.

Environmental monitoring and water-guality modeling can become an iterative process as
a system is studied and better understood. In preparation for the intensive water-quality
sampling necessary to properly model the DO concentrations, data from the Wateree
River subreach of the previous models were used to develop a sampling schedule that
combines the Lagrangian and Eulerian reference frames. In a Lagrangian reference
frame, a parcel of water is followed through the system and sampled at predetermined
locations to track the changes in that parcel. In an Eulerian reference frame, samples are
collected at predetermined locations with time to document the changes at those
locations.

The idea of using a Lagrangian sampling scheme on the Wateree River was conceived in
an effort to reduce the sampling cost. According to USGS streamflow data, the travel
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time for the 50-mile reach from the Wateree Lake Dam to Site 12 for the flows of interest
is approximately 2 days. Based on preliminary assessments of the system, 1 lake site, 11
in-river sites, and 5 major tributaries were selected to define the water quality in the
Wateree River (fig. 1). If an Eulerian sampling scheme was applied with the goal of
sampling 2 complete flushings of the system, this could be accomplished by collecting
samples at each station at 6-hour intervals during a 4-day period for a total of 272
samples,

Utilizing data from the previous models on the Wateree River, a preliminary streamflow
model and Lagrangian transport model were calibrated within acceptable limits for their
intended use. Model simulations indicated that 3 complete flushings through the 50-mile
study reach could be sampled over a 3-day period. If the lake and in-river sites were
sampled so as to track 3 water parcels through the system and the tributaries were
sampled 4 times per day, the total number of samples collected would be 96.
Consequently, the Lagrangian sampling scheme could reduce the analytical laboratory
cost by 63 percent relative to the Enlerian sampling scheme.

Intensive water-quality sampling requires much effort and resources. Although the
Lagrangian sampling scheme would have reduced the analytical laboratory cost
significantly, the other cost such as personnel and lodging would have been
approximately the same. Therefore, it was concluded that in the larger objective of the
project, a better sampling approach would be to utilize a combined Lagrangian-Eulerian
sampling scheme. This approach would allow for some cost reduction and provide a
larger set of data from which to calibrate and verify the water-quality model.

The Lagrangian-Eulerian sampling scheme would help optimize the limited sampling
dollars. This sampling scheme would track 3 water parcels completely through the river
system, track 6 water parcels partially through the river system, and then allow selected
collection of additional samples to document changing conditions at the sampling sites.
Once the data were collected, a well defined time-series data set would be available for
model calibration. In addition, the water-quality constituents for each parcel could be
plotted along with the DO concentrations soon after the data were received from the
analytical laboratory. These plots could then be used as a tool for quickly assessing the
major influences on the DO before beginning the modeling process.

DEVELOPING THE SAMPLING PLAN

In the previous study, Hurley (1991) had applied the BRANCH model to accommodate
the backwater conditions at the downstream boundary on the Santee River. The Wateree
reach of the system does not experience backwater, therefore the DAFLOW model
({Jobson, 1989) was selected as the dynamic streamflow model for this study.

The Flow Model: The DAFLOW model was set up with 2 branches. Branch 1 has 21

segments and extends 50 miles from site 2 in the Wateree Lake Dam tailrace to site 12,
just downstream from the U.S. 378 bridges. Branch 2 has 7 segments and extends 14
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miles from site 12 to Station 02148315. During the previous study on the Wateree River,
a time-of-travel study was made from Station 02148000 to the U.S. 378 bridges on
August 19-21, 1987. Consequently, the period August 8-23, 1987, was selected to
calibrate the DAFL.OW model. Simulated and measured flows were compared at Stations
02148000 and 02148315. An optimization program provided with DAFLOW was used
to improve the phase difference and the minimum and maximum computed flows until a
reasonable calibration was obtained.

The Transport Model: Output from DAFLOW provided the hydraulic properties
necessary for the BLTM. The BLTM was setup with the same grids and time steps as
DAFLOW, Dvye-concentration data were available near site 6. Because concentration
data can not be input at internal grids except through tributary inflow, synthetic
concentration data and tributary inflow were input at the appropriate time step at a grid
near site 6. Therefore, calibration of the peak concentration and (or) dispersion of the dye
was not possible. However, the measured and simulated peak travel times agreed within
approximately 1 hour at sites 9 and 12. It was determined that the transport model
calibration was adequate for its intended use: to develop a Lagrangian-Eulerian sampling
scheme.

Streamflow versus Peak Travel Time: The BLTM was used to simulate the time of
travel for the peak concentration of a conservative constituent injected in the tailrace of
the Wateree Lake Dam. These travel times were obtained at 7 locations that
corresponded with or were close to desired water-quality sampling locations. The travel
times were simulated for 5 steady flows: 1,000; 2,000; 4,000; 6,000; and 10,000 cubic
feet per second (ft’/s).  For each station, a streamflow versus travel time curve was
developed using the 5 steady flows (fig. 2). These data were entered into a spreadsheet
and regressed using a power-curve function. From these analyses, an equation was
obtained for each of the 7 locations that would allow the peak travel time to be estimated
for steady flows in the range of 1,000 to 10,000 fe'/s.

Because a reaeration study, which required steady-flow conditions, was to be made
during the same time period as the water-quality sampling, steady-flow releases were
requested from the operator of the Wateree Lake Dam, Two flow rates were negotiated:
approximately 2,000 and 3,000 ft’/s.  Tributary inflows were not included in the
preliminary flow and transport models. Therefore, to account for slightly increasing
flows in the downstream reaches, the flows used to calculate the peak travel times were
increased by 10 percent (2,200 and 3,300 ft*fs, respectively). Peak travel times were
calculated at the 7 locations. The travel times for the other water-quality sampling
locations were obtained by interpolation.
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The Lagrangian-Eulerian Sampling Matrix: A sampling matrix was developed to aid

in planning the logistics of sampling at 11 in-river and 5 tributary sites, and 1 lake site.
The beginning times for the water parcels that were tracked through the system were
0600, 1200, and 1800 hours for the 3,300 ft*/s flow and 0600, 1100, and 1700 hours for
the 2,200 ft¥/s flow. These times were chosen for three reasons: (1) to allow enough time
for the sampling teams to sample each station and be ready to sample the next parcel, (2)
to record the influence of diurnal fluctuations, and (3) to minimize late-night sampling for
safety concerns.

An initial sample at each site was collected to record background conditions. The
collection times for the background samples were chosen so that all sites would have their
first sample collected by 0600 hours, which was the beginning time for parcel 1. The
tributary sample times were chosen to obtain a time series of data throughout the day
without conflicting with in-river sample times. Because the peak travel times were based
on some simplifying assumptions and to aid in logistics, all sample collection times were
rounded to the nearest half hour.

RESULTS AND CONCLUSIONS

Time-of-travel studies were made during the water-quality samplings on June 23-25 and
August 11-13, 1997, on the Wateree River. The results were used to assess the accuracy
of the simulated water-parcel sample times. As previously discussed, the sample times
were based on the time at which a parcel of water would reach a predetermined sample
location. Plots of the DO concentrations measured at the in-river sampling stations for a
simulated parcel of water departing from site 2 at 1500 hours on June 23, 1997, and at
1100 hours on August 11, 1997, are shown in figure 3. Also included in figure 3 is the
actual location of the water parcels based on the time-of-travel studies from June and
August 1997, The simulated sample times for the August study were improved based on
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differences of the simulated and actual time of travel of peak-dye concentrations from the
June study. Based on the data shown in figure 3, the simulated and actual parcel
locations appeared to be reasonably close. Therefore, the data suggest that the
Lagrangian-Eulerian sampling scheme was a success.

(a)

7.0 —B— Dissolvad-oygen (DO)
concentrations measured at
sample times pbialned froma

& 6.0 | = Lagrangian mods! simulation for a
z E 5.0 y o - ] w ater parcet daparting from site 2
0z / e at 1500 hours on June 23, 1997.
% w
o f; 4.0
Q= x Actual water-parcel locations as
> & a0 determined from a tracer study on
0o June 24-25, 1897, The DO
2 : 20 concentrations are show n for
oz purposes of comparing tha

= - predicted and actual w ater-parcal
) locations and do not represent
5 measured DO concantrations.
800 700 600 50.0 400 300 200
RAVERMILE
(b}
7.0 l —8— Dissolveg-oxygen {DO)
| & concentrations meagured at sample
6.0 timea obtained from a Lagrangian
« & model simulation for a w ater parcel
E; E 5.0 f departing she 2 at 1100 hours on
o E:' ' August 11, 1997,
XE
24 /
o g 3.0 & % Actual w ater-parcel location as
g 14 determined from a tracer study on
23 ., ! August 11-13, 1887, The DO
ez " concentrations ara show n far
[ purposes of comparing the
1.0 predicted and actual w ater-parcel
locations and do not represent
0.0 ' ’ measured DO concentrations.
80.0 70.0 60.0 50.0 40.0 30.0 20.0
RIVER MILE

FIGURE 3. Dissolved-oxygen concentrations measured at simulated water-parcel
locations versus actual water-parcel locations obtained from tracer studies on the Wateree
River, South Carolina for (a) June 23-25, 1997 and (b) August 11-13, 1997,
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Designing a Lagrangian-Eulerian sampling scheme for the Wateree River was possible
because data from a previous study were available, and because the flows were known
prior to the beginning of this study. By utilizing the previous data and models, the cost of
the sampling was reduced. It is concluded that the water-quality data and field parameters
for the Lagrangian water parcels can be used with confidence as a tool for assessing the
major influences on the dissolved-oxygen concentrations before the actual modeling
begins.
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A GIS - NUMERICAL MODELING APPROACH TO IDENTIFY REGIONS WITH
SUITABLE WATER RESOURCES FOR A DUAL CROP ROTATION

By Jurgen Garbrecht, Hydraulic Engineer, USDA-ARS, El Reno, Oklahoma;
Patrick J. Starks, Soil Scientists, USDA-ARS, EI Reno, Oklahoma;
Robert Williams, Plant Physiologist, USDA-ARS, El Reno, Oklahoma

Abstract: A GIS and numerical modeling approach to evaluate the water resources availability for
a year-around forage production system is proposed for the Southern Great Plains (SGP). The GIS
part of the approach identifies potentially suitable areas within the SGP based on climatic,
physiographic and agricultural characteristics. Each of the GIS coverages is evaluated individually
for suitability, and a final overlay analysis identifies those regions that are compatible for all GIS
coverages. The subsequent numerical modeling part of the approach establishes the annual and
seasonal soil water budget constraints for the forage production system in the regions identified by
the GIS analysis. The soil water recharge, storage and losses are evaluated to establish the limits
of water availability for the crop rotation. The study identifies a method to provide regional soil
water estimates and is not intended for site specific estimation of crop productivity.

INTRODUCTION

The livestock industry in the Southern Great Plains (SGP) is concentrated around a few large
feedlot operations. A decentralized cattle finishing system has been proposed in which cattle
remains on the farm for forage-based on-farm-finishing (Phillips, 1997). Such a system has the
potential to decrease the animal processing time at the feedlot, recycle a greater portion of animal
waste onto farm pastures, and provide economjc opportunities for livestock enterprises in rural
communities.

This paper identifies soil water supply and availability issues for a year-round forage production
system in the SGP and describes a practical approach to address these issues based on climate
conditions in the SGP. The challenge of the approach is the diversity of the geographic area, the
variability of the climate, and the necessity of a detailed soil water analysis to access the
sustainability of the year-round forage production system. Soil water supply and availability, as
opposed to crop water requirements and utilization, are emphasized in this study. This emphasis
provides a broad framework to quantify the envelop of existing environmental constraints and
evaluate alternative crop rotations with different water requirements. This paper presents the
concepts and approach developed in the planning phase of the water resources evaluation project.

In the first section of this paper, the year-round, on-farm forage production system is described and
the critical, water-limited component of this system is identified. In the second section the soil
water issues, the framework and the objectives of the investigation are defined. Finally, the
approach to address the soil water issues is described in the remainder of the paper. Findings and
implications of the study will be presented at completion of the project.
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PROPOSED DUAL CROP ROTATION

The traditional grazing system in the SGP relies on winter wheat and perennial summer grasses
(Winter, 1994; Voigt and Sharp, 1995). This two component system results in forage production
gaps in spring and fall that limit the potential for an on-farm cattie finishing system. A three
component forage system that provides forage during the spring and fall forage gaps has been
proposed by Rao, McKown and Williams (Phillips, 1997). It consists of (1) a winter wheat-
pigeonpea (WW-PP) rotation, (2) warm-season grasses, and (3) a cool-season perennial chicory-
pubescent wheat grass mixed pasture. This system provides year-round continuous supply of
forage, and also allows livestock producers to switch from wheat graze-out to a graze-grain option
under favorable grain market conditions.

Winter wheat and warm-season grasses have been grown for many years in the SGP under dry-land
farming conditions. They represent a proven and sustainable forage source, exceptions being
occasional severe droughts. As such, a soil water investigation is not warranted for these crops,
The critical component of the forage production system is the added pigeonpea crop in the WW-PP
rotation. This second crop is grown within the same year on the same acreage as the winter wheat,
Winter wheat is grown from about mid-September through about mid-May, and pigeonpeas are
grown after the winter wheat harvest through mid-September. Even though pigeonpeas have been
proposed as the summer crop for the rotation, the approach described herein is applicable for other
alternative summer crops. Thus, the fundamental question of this investigation is the soil water
availability for a second crop during the summer fallow period of the winter wheat. In the
following, the dual crop rotation is simply referred to as rotation, and summer crop refers to any
alternative crop in rotation with the winter wheat.

STUDY OBJECTIVES AND SOIL WATER SUPPLY ISSUES

The main objective of the soil water supply investigation is the identification of regions in the SGP
that have climate and soil water conditions that can sustain a rotation under dry-land farming
conditions. This region identification is necessary to establish the geographic area that is suitable
for the proposed on-farm cattle finishing system. The framework, boundary conditions and
requirements for the investigation include: (1) consideration of a geographically diverse five state
area that supports winter wheat and stocker cattle operations, (2) incorporation of a spatially and
temporally variable climate, and, (3) need for a long term, annual and seasonal soil water supply
analysis to insure sustainability of the rotation.

The soil water supply issues affecting the feasibility and sustainability of the rotation in the SGP are
listed below in order of increasing restrictivity. The order is relevant, because the issues can be used
as criteria to stepwise exclude unsuitable regions from the initial the five state area,

1) Mean annual precipitation must sustain the annual water requirements of the rotation: the mean
annual precipitation is used as a gross estimation of potential annual soil water for crop
consumption, independent of seasonal distribution. Seasonal distribution is disregarded here,
because an inadequate total water supply remains inadequate no matter how it is distributed.
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2) Mean seasonal precipitation regime must be compatible with plant water requirements of the
rotation components: the mean seasonal pattern of precipitation is used as a gross estimation
of seasonal distribution of potential soil water availability. The coincidence of seasonal soil
water distribution with rotation water requirements is particularly relevant for regions with
pronounced seasonal fluctuations of precipitation and soil water, as well as pronounced seasonal
rotation water requirements.

3) Soil water storage capabilities must accommodate dry-season rotation water requirements: the
precipitation pattern must allow for adequate soil water recharge and storage (with
consideration for losses to surface runoff, deep percolation and evapotranspiration) to meet
rotation water requirements through seasonal periods of reduced or no precipitation. The soil
water dynamics (recharge, storage, losses and consumption) must be such that rotation water
requirements can be sustained for consecutive average years.

4) Vanability of annual and seasonal precipitation must permit a sustainable rotation; precipitation
amount and distribution can vary considerably from one year to the next, and the probabilities
of adequate soil water to sustain the rotation must be determined to establish the success/failure
rates and the practicality of the rotation.

GENERAL APPROACH

Suitable regions for the summer crop are identified in two consecutive steps: first, a Geographic
Information System (GIS) analysis, and, second, & numerical soil water analysis. In the GIS
analysis, data coverages that represent suitable/unsuitable climate, agricultural and crop conditions
are developed and used in an overlay analysis to identify those regions which are classified as
suitable for all considered coverages. The careful selection of relevant GIS coverages and the
overlay analysis are expected to significantly reduce the number of regions requiring a detailed soil
water analysis.

In the second step, a numerical soil water analysis is conducted for those regions delineated as
suitable by GIS analysis. A soil water flux mode| is used to simulate the soil water dynamics
throughout the soil profile, and a winter wheat model is used to simulate the winter wheat plant
parameters and soil water consumption. With these two models the soil water recharge, storage,
consumption and losses are modeled for the entire winter wheat season and for average climate
conditions. A detailed soil water budget for the summer crop season is developed to establish soil
water availability. The soil water budget values include recharge, storage and losses, and lead to
regional estimates for the range of soil water availability to meet the water requirements of the

summer crop.

Finally, as part of the second step, those regions that are suitable under representative climate
conditions are re-evaluated with recorded annual and seasonal climatic variations to establish the
long term sustainability of the rotation. The probabilities of failure/success of the rotation on an
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annual basis are derived from simulated winter wheat crop yields and soil water deficit values for
the summer crop. This approach is believed to be adequate for the stated objective to identify
regions that have suitable water resources for the rotation. Though modeling site-specific and local
conditions would introduce additional accuracy, it would only be of local relevance and defeat the
sought after objectives a regional analysis.

GIS ANALYSIS

The effectiveness of the GIS analysis depends on the choice of the GIS data coverages. A map of
existing, non-irrigated winter wheat production areas is the first GIS coverage. The identified areas
are assumed to represent regions with climatic, ecologic and economic conditions that are favorable
for winter wheat production and potentially for the proposed rotation. Regions outside these areas
are assumed to be un-favorable, and, therefore, highly unlikely to be able to support the more
demanding needs of the rotation. For example, areas in south and south-west Texas will be
exciuded because winter wheat is poorly adapted to warm and moist climates without a cool dry
season (Martin, Leonard and Stamp, 1976). Also, regions of New Mexico will likely be excluded
because annual precipitation for many areas are at or below the lower limit of 380 mm needed for
wheat production (Martin, Leonard and Stamp, 1976).

Spatial distribution of annual precipitation is the second GIS coverage. In the SGP the spatial
variability of annual precipitation is very high. For example, annual precipitation in Oklahoma
ranges from 380 mm in the west to 1400 mm in the east (Pettyjohn, White and Dunn, 1983). The
high spatial gradient of the annual precipitation lends itself well to identify regions that can provide
enough water to meet the annual water requirements of the rotation (first soil water issue).

The duration of the traditional summer fallow period of winter wheat is the third GIS coverage.
The duration changes from north to south. It can be as short as two month in the north and as long
as four months in the south (Martin, Leonard and Stamp, 1976). The spatial variation of the
duration is used to identify regions with a summer fallow period long enough to accommodate the
needs of the summer crop.

A GIS coverage is developed for the mean precipitation during the winter wheat growing season,
and a second coverage for the mean precipitation for the summer fallow season. As noted above,
the duration of the fallow period changes with geographic location. The two GIS coverages
provide a gross estimation of precipitation and soil water availability during the growing season of
each of the two crops (second soil water issue).

Additional climatic data coverages such as growing-degree days and photo-period, as well as
coverages relating to topography or demographics of stocker cattle operations, are considered in
the GIS analysis. These coverages, in conjunction with specific crop and on-farm finishing
requirements, provide additional criteria for identifying regions that are suitable for the rotation.
However, these coverages are not discussed in depth in this paper because they are of limited
relevance to the soil water issues.
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The last GIS coverage is the map of ecoregions and subregions of the United States (Bailey et al.,
1994). This layer is used to define areas of similar climate, vegetation and soil characteristics
(Bailey, 1983). This coverage is not used to define suitable/unsuitable regions, but to help subdivide
large regions into subregions with similar eco-conditions. These subregions define uniform response
areas for the subsequent detailed hydrologic modeling of soil water availability.

The above GIS coverages are largely independent of the summer crop selection and represent the
environmental constraints for the summer crop. Thus, the GIS coverages remain constant and can
be used repeatedly for different summer crops. Once a summer crop is selected, each of the
coverages is processed to define regions that are either suitable or unsuitable for the corresponding
crop requirements. Finally, all coverages are superposed to identify those regions that meet the crop
and on-farm finishing requirements. These regions are retained for the subsequent numerical soil
water analysis,

SOIL WATER ANALYSIS

The numerical soil water analysis accounts for seasonal distribution of precipitation, soil water
storage effects and temporal soil water availability/consumption. The temporal scale of the
numerical simulation is one day, and the result interpretation is performed on a weekly and monthly
scale. This scale is consistent with the crop simulation objectives to establish soil water recharge,
availability and consumption on a seasonal and annual basis.

A soil water flux model and a winter wheat model are used in the soil water analysis. The soil water
flux model is the Simultaneous Heat and Water Model (SHAW) by Flerchinger and Saxton (1989).
The model consists of & vertical, one~dimensional profile that includes canopy, snow, residue and
soil layers. The strength of the model resides in the detailed and integrated physical representation
of the energy and water fluxes through the soil-plant-atmosphere continuum. Even though the
model has provisions to simulate water evapotranspiration by rangeland plant species, it does not
have crop simulation capabilities. Winter wheat development and water consumption is simulated
by a second model, the CERES-Wheat model (Ritchie, 1991). Winter wheat development is based
on climate drivers, as well as water and temperature stress constraints. The weakness of the
CERES-Wheat model, from a soil water perspective, is the empirical/conceptual representation of
the soil water fluxes. The SHAW and CERES-Wheat models are used in a complementary fashion
to quantify soil water availability and consumption.

The soil water analysis is conducted in two steps. In the first step, soil water values are quantified
under consideration of the seasonal patterns of the climatic drivers. The climatic drivers are
measured daily values corresponding to a year that has monthly mean precipitation values close to
normal values for all or most months, and annual precipitation clase to the long term annual mean.
Soil characteristics are selected to reflect typical conditions for existing winter wheat production
areas in the region under consideration.

With these boundary conditions, the components of the soil water budget are simulated for the
winter wheat and the summer crop growing season. The water budget components include
recharge, re-distribution in the profile, storage, losses at the bottom of the soil profile, surface runoff
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and evapotranspiration. For the summer crop season, the soil water consumption by the crop is not
simulated. Instead the potential soil water for consumption is inferred from recharge, losses and
storage changes during the summer season. Of particular relevance to the objectives of this
investigation are the following soil water values: (1) the amount of soil water at the time of winter
wheat harvest and summer crop planting, (2) the soil water recharge, storage and losses during the
summer crop growing season, and (3) the remaining soil water at the time of summer crop harvest
and at the beginning of the next winter wheat crop. To estimate the last item, the soil water
consumption by the summer crop is estimated using published values for the selected crop or for
a closely related crop.

The suitability of a region for a summer crop is established by contrasting soil water recharge and
storage with the water requirements for the selected summer crop (third soil water issue). The
sustainability is achieved when the annual and seasonal soil water budget is balanced or positive
(excess water). In addition to a balanced seasonal soil water budget, adequate soil water storage
at crop transition times must also be insured. Of particular interest is the soil water storage at the
end of the summer crop. In the presence of late or scarce fall precipitation, adequate soil water
storage is required for establishment of winter wheat for grazing.

A negative soil water budget is likely for some regions. A soil water deficit does not necessarily
imply that the summer crop or the rotation is unsustainable. It may simply result in a reduced crop
production. Thus, the soil water budget values can also be used to estimated the reduction in crop
production under limited soil water availability. The viability of a reduced crop production is not
a water supply, but an economic issue, and is not further elaborated here. As a final note, the
simulated soil water budget components for the summer season do not change with the selected
summer crop. It is the crop water consumption/needs that change as a function of crop selection
and desired productivity. Thus, the results of the numerical soil water simulation are not limited to
establish the sustainability of a selected summer crop, but can also be used as a crop selection
criterion.

The second step in this numerical analysis consists of establishing the sustainability of the rotation
under annual climate variation. The same regions as in the first step are considered, unless soil
water considerations have excluded some of these regions. The climatic drivers consist of historical
climate data in excess of 30 to 50 years duration. The climate data are assumed to be representative
of the frequency, severity, duration and timing of floods and droughts. The components of the
annual and seasonal soil water budget are simulated and the annual vaniability of each component
is established. Using cut-off values for soil water availability for adequate crop productivity, the
success and failure rates can be computed. Regions that have excessive failure rates are considered
as unsuitable. Even though the climate record is relatively short and confidence limits are expected
to be large, the results will provide an indication of the vulnerability of the rotation to seasonal and
annual climate variations.

The results of the numerical soil water analysis establishes regions that are suitable for the winter
wheat-summer crop rotation. However, the decision of suitability and sustainability is not a yes or
no issue as in the initial GIS analysis. Suitability and sustainability must be formulated in terms of
productivity of the rotation which is a function of soil water availability.
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FIELD EXPERIMENTS

The soil water flux simulation by the SHAW model is verified for known environmental and crop
conditions at the USDA-ARS-Grazinglands Research Laboratory. Data are collected at Soil Heat
and Water Measurement stations (SHAWMS) in native grassland, bare soil, winter wheat and
pigeonpea field plots. The SHAWMS provides profile measurements of soil heat flux, soil
temperature and soil water content at various depths in the root zone. Soil characteristics are also
measured at these sites. Plant parameters (e.g., canopy traits, leaf litter, etc.) that are required by
the models are measured or estimated as appropriate. With these data the soil water simulation is
verified for local conditions. The SHAW model has also been successfully verified in semi-arid
western and northwestern parts of the United States (Flerchinger, Hanson and Wight, 1996; Hayoe,
1994). The CERES-Wheat model has been applied to various wheat growing regions and shown
to adequately approximate field conditions (French and Hodges, 1985). These verifications to a
range of boundary conditions confirm the applicability of the models for this regional soil water
investigation,

DISCUSSION AND SUMMARY

A GIS and numerical modeling approach to identify regions in a five state area that are suitable for
an annual summer crop in rotation with winter wheat has been presented. Soil water availability was
the central focus of the analysis. The approach consists of a GIS analysis of regional climatic,
physiographic and agricultural characteristics, and of a numerical soil water analysis. The GIS
analysis, based on a process of elimination, provides an initial, coarse screening that identifies
regions in the five state geographic area of the SGP that are potentially suitable for a summer crop
rotation. For these regions, a subsequent soil water budget analysis is conducted to establish the
annual and seasonal soil water availability, as well as the long term sustainability of a summer crop.
The soil water budget analysis includes water consumption by the winter wheat component of the
rotation, and considers soil water recharge, storage and losses during the summer crop season. This
approach provides a broad framework to define regional soil water constraints and evaluate
alternative summer crops.

The soil water budget analysis for the summer crop season is based on precipitation input, soil water
redistribution, storage, and losses (deep percolation, evaporation and surface runoff). Summation
of initial soil water storage, precipitation input and losses provides the upper limit of available soil
water for the summer crop. A more likely estimate of available soil water is based on the
assumption that all deep percolation losses can be captured by the summer crop, but that surface
runoff and evaporation losses are not recovered. Summer convective storms in the SGP are
generally of high intensity and short duration and are likely to produce runoff with or without
summer crop being present. Also, high summer temperatures and persistent winds in the SGP are
expected to produce soil evaporation with and without a summer crop being present.
Interpretations of individual water budget components are expected to lead to a relatively narrow
window for regional soil water availability for a rotation. Such findings are believed to be adequate
for a regional soil water analysis and are not intended for site-specific estimation of crop

productivity.
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The regional analysis should be followed by a site-specific investigation that accounts for local soil
characteristics, topography and specific summer crop water requirements. In such a follow-up
investigation the aoil water consumption of the summer crop would be modeled explicitly and the
sustainability of the rotation would be established for specific field sites.
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Abstract: In many places of Taiwan, an island country. the current supply of water is inadequate
in satisfying the ever increasing quantity and quality demands for domestic and industrial water
consumption. To cope this important issue, the former Water Resources Planning Commission
(WRPC), now the Water Resources Bureau (WRB) in Taiwan has devoted much manpower and
funding to cooperate with Delft Hydraulic to prepare management study for water resources .

The nature and extent of the problems in most of river basins in Taiwan, led to the conclusion
that the management study of these problems should focus on the main questions: How can the
future water supply be ensured and how can acceptable water quality be achieved and maintained?
An integrated model for river-basin management is employed in this study for solving the
complex situations, where conflicting interests demanding limited natural and economic
resources. This paper describes the approach of the water resources management in Taiwan, and
shows the results of integrated analysis for water quantity and quality of a study basin.

INTRODUCTION

Water resources management is the interaction of technology, economics, and institutions to
balance water supply with demand. In many places of Taiwan, have completed the major
developments of their water resources infrastructures, Water managers in Taiwan are faced with
an increased population and pressure for the incorporation of environmental protection objectives
into the operation of existing water resources system.

In many places of Taiwan, an island country, the current supply of water is inadequate in
satisfying the ever increasing quantity and quality demands for domestic and industrial water
consumption. To cope this important issue, the former WRPC, now the WRB in Taiwan has
devoted much manpower and funding to cooperate with Delft Hydraulic to prepare management
study for water resources .

The nature and extent of the problems in most of river basins in Taiwan, led to the conclusion
that the management study of these problems should focus on the main questions: How can the
future water supply be ensured and how can acceptable water quality be achieved and maintained?
An integrated model for river-basin management is employed in this study for solving the
complex situations, where conflicting interests demanding limited natural and economic
resoutces. The following paper describes the approach of the water resources management in
Taiwan, and shows the results of integrated analysis for water quantity and quality of a study
basin.
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WATER RESOURCES OVERVIEW

Water Supply: Taiwan's total area of roughly 36,000 im*® is approximately 1/3 mountainous
area above sea level (1,000m) contour; 1/3 hills and terraces, between 100 and 1,000m contours
and 1/3 is a coastal plain. Most of population lives in the plain, which run predominantly along
the western side of the island. On the northern plains, the climate is subtropical and its tropical in
the south. The annual mean temperature ranges from 21° to 24° centigrade.

Average annual rainfall amounts to 2,500 mm over the entire island, and is between 1,000 and
2,000 mm over most of the coastal plains. The island is frequently subjected to typhoon, usually
two to three each year. Typhoons are frequent in the north, where the annual average rainfall can
be as high as 6,500mm. Reservoirs have been built for multipurpose, such as to meet the growing
demands for water supply, flood control , and hydropower.

Water use: The current supply of water is inadequate in satisfying the ever increasing quantity
and quality demands for domestic and industrial water consumption. The table sunmaries the
total volume of water used by the main categories of water consumers in Tatwan, for instance
agriculture, public water supply (PWS), industrial plants, and so on. However, hydropower has
not been included.

1961 1981 1594 2001
Water use, billion ¢u. m.
Total 104 16.6 17.6 20.7
Irrigation 9.8 137 132 15.0
Industry 0.2 1.8 1.6 23
Domestic & Community 0.4 1.1 2.8 3.5
Sources (%o)
Surface water 93 77 64 78
Groundwater 7 123 36 22

Water quality: Pollution of rivers and coastal waters increased rapidly over the past two decades.
Tatwan has 21 major rivers, 29 minor rivers, and 79 commeon rivers. A 1994 survey used four
water quality parameters to indicate the condition of the river water; dissolved oxygen,
biochemical oxygen demand. suspended solids, and ammonia nitrogen. The survey results on the
downstream reaches of the 50 major and minor rivers indicated that 22(44%) are unpolluted, and
4(8%) are slightly polluted, 12(24%) are moderately polluted, and 12(24%) are severely polluted.
Main pollutant sources are: industrial waste water, in terms of BOD loading 54%, urban sewage

23%, and livestock wastes 23%.
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All these have been the result of population growth and industrial development, leading to an
increase in water use and the worsening of water quality. The more the economic development
progresses, the sever the water pollution becomes. Consequently a proper approach must be
found to manage the problem created by population growth and industrial waste, so as to
minimize pollution problems.

ANALYSIS FRAMEWORK

The planning difficulties and related issues on river-basin level are usually clear-cut: but the
approach required to deal with such issues can be fairly complicated. This is inherent to the
complex nature of water resources management, which may be more serious further by socio-
economic developments leading to increase in water demands and production of materials, and
also institutional and administrative changes, leading to stricter rules and regulations. As such,
the scope of water resources planning has changed from local to regional, from single to multiple
criteria, and from supply-oriented to both supply- and demand-oriented.

In Taiwan two major types of problems exist in the performance of a river basin. First, the
sttuation when either quantitatively or qualitatively there is not enough water supply to satisfy
human demands, either in a sense. Second, the situation when the condition of the river basin
adversely affects the natural environment and human activities,

When problems are expected, measures and strategies to improve on the situation have to
constder. River-basin planning deals with the identification, analysis and evaluation of such
measures and strategies. The cooperation with Delft Hydraulic resulted in an integrated model
facilitating the various analysis steps and the ensuring study of measures and strategies for water
resources management,

River-basin-oriented modeling framework: The river-basin-oriented modeling framewortk

includes the following inter-related main modules, as presented in the figurel:

« PROgram for the Domestic and Industrial Sector (PRODIS) : computation of present and
futurc water demand for houscholds and industry, both from PWS and self-supply, and
computation for water shortages and cost of water supply.

« Agricultural District Model (ADIMO) : ADIMO computes agricultural water demand from
surface water and groundwater (request mode). In the allocation mode, the model computes
water shortages in fields and indicates the damages that result from these shortages.

o River basin Distribution Model (RIBASIM) : RIBASIM determines the overall surface
water balance in the river basin, including the operation of the reservoirs and the distribution
of water in the river network. The model tries to match supply and demand in the system.

« DISCHRG, RIBOUT and POSTOUT : the processing program for the output of RIBASIM
model.

« TAlwan WAter Quality model (TAIWAQ) : for water quality calculations in estuary, river
and reservoir system under both steady and unsteady conditions. It is a modified version of
DELWAQ program from Delft Hydraulics supplemented with the waste production modc]
WASPROQ, and the flow distribution model. RIBASIM.
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»  WASte PROduction mode] (WASPRO) : a model to calculate waste loads from domestic,
industrial, non-point (agriculture) and livestock sources, where possible associated with
water flows in the RIBASIM network schematization.

« Regional Model for Impact Assessment (REMIA) : REMIA processes selective outputs from
PRODIS, ADIMO and RIBASIM in order to provide a comprehensive report of physical
quantities and socioeconomic consequences for different cases. Such cases consist of a
combination of a water resources management strategy and so-called scenario specification,
reflecting a set of assumptions about economic developments or conditions that affect water
demands or supply. These cases are always compared with a base case, in order to
determine the specific effects of the strategy under investigation.

The ihtegrated model was used to analyze the present and future water resources management in
terms of water quantity and quality, such as the management of existing or additional reservoir,
or scenarios for future water demands by industry and municipal.

WATER RESOURCES MANAGEMENT APPROACH

The naturc and extent of the problems in most of river basins in Taiwan, led to the conclusion
that the management study of these problems should focus on the main questions: How can the
tuture water supply be ensured and how can acceptable water quality be achieved and maintained?
The integrated analysis focuses on the future water supply and water quality situation. The basic
steps in the execution of the integrated analysis are: analysis of effects of demand increase and
identification of quantity problems; identification and screening of water guantity measures;
analysis of effects of waste load increase, identification of quality problems; identification and
screening of water quality control measures; and analysis and evaluation of integrated measures
and strategies.

The preparation of an integrated analysis involves the specification of analysis conditions, water
demand scenarios, hydrological scenarios and the definition of cases. A case is defined as a
combination of projection year, a demand scenario, a hydrological scenario and a measure or
strategy.

The specification of analysis conditions includes problems statement, possible measures,
objectives and criteria, scenarios, time and cost aspects, assumptions and boundary conditions,
and a well-defined analytical approach. It should be emphasized that the efforts involved in
preparing the computational framework for use in the analysis have been very substantial. The
major activities in this aspect shown as following include schematization of the study area, data
collection, processing and screening and execution of analysis.

Schematization of the study area: For the purpose of the different models to be used, the study
area has been schematized in various ways.

« RIBASIM: network structure of branches and nodes:

- branches reflecting the river stretches and other waterways that are parts of
the major surface water infrastructure in the study area:
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- nodes representing the points of inflows, storage or demand.

e ADIMO: schematization of area into:
- district;
- subdistrict;
- fields.

« PRODIS: schematization of the area into:
- groundwater supply areas;
- PWS supply system.

o TAIWAQ: schematization of the river into:
- estuary;
- river
- Treservoir system.

Data collection, processing and screenming: The data processing included the following
activities:

¢ adjustment of "raw" data to input data file formats and proper aggregation levels according
to schematizations used,

« adjustment to consistent units;

« simplification of input data based on computed results,

Data screening, in general, involves the following activities:

« checking of internal consistency of the data files;
» checking of consistency with other data sources;
» checking of input data based on computed results.

Execution of the analysis: The analysis of the water resources management strategies for a
bhasin is to be considered as a first round integrated analysis and has the characteristics of a pilot
analysis. The pilot analysis is based on realistic data and assumptions. As such it provided a
number of findings and results, that may lead to some preliminary conclusions. Yet, it certainly
does not cover the full scope of possible and realistic options to be considered in an overall
integrated analysis. Before the results can be used for actual planning and decision making, the
analysis has to be considerably extended. In order to structure the analysis, the following case
groups have been distinguished.

A effects of demand increase;
B: supply oriented measures,
C: demand oriented measures;
D: administrative measures.
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Cases that emerge from group A can be considered as base cases. The formulation of cases in
group B and C requires the specification of infrastructural measures (reservoirs and diversions,
and combinations to be considered simultaneously), and the specification of demand oriented
measures (in terms of demand reduction by user in time and space). The cases in group D need a
specification of concrete actions to regulate and control the water users and water resources
system.

The integrated analysis for several river basins in Taiwan has demonstrated suitability of the
approach and the models for application on river basin level in a pre-feasibility planning stage.
The whole model will be employed in the other areas and integrate the results to consider water
resources management in Taiwan.,

CONCLUSION

The resulting general integrated model for river basin analysis in terms of water demand, water
supply, water quality, and economics is available for application with several river basins in
Taiwan. To deal with an integrated analysis, Taiwan has been quite successful in hydrological
data collection and analysis and water resources information compilation. However, practical
analysis remains to be emphasized by means of establishment of hydroinformation center,
computer simulation and data analysis for flood forecasiing and water resources availability
prediction for drought to ensure the water utilization safely in this island country.
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A DYNAMIC MODEL FOR SIMULATING THE LONG-TERM TRANSPORT
OF RADIONUCLIDES FROM A CONTAMINATED LAND SURFACE
TO A NEARBY STREAM

By C. Y. Hung, Hydrologist, Office of Radiation and Indoor Air,
Environmental Protection Agency, Washington, D.C.

Abstract: This paper presents the theoretical background of the ORTER model used to
simulate radionuclide transport via surface water. The theoretical background of this model is
adopted from the existing PRESTO-EPA model. To demonstrate the model’s applicability to an
emergency spillage, a series of case studies are analyzed and results presented. The PRESTO-
EPA model, published in 1987, was designed as a tool to assess the dose and risk to an individual
due to the disposal of radioactive wastes in near surface trenches. The INFIL submodel was used
to calculate the annual rate of infiltration to the waste matrix and the surface run-off to a nearby
stream. The analysis involves complex mathematical processes for solving the partial differential
equations representing the overland flow, subsurface flow and atmospheric diffusion systems. In
developing the PRESTQ-EPA model, the partial differential equations were transformed into
ordinary differential equations, which improved the stability of the numerical calculation and
reduced calculation time considerably. The ORTER model adopts the same methodology used in
the PRESTO-EPA model to calculate the rate of radionuclide transport for deep infiltration to the
aquifer and for surface runoff to a nearby stream. By ignoring the retardation effects in the
distributing ditches, one can use this model to assess the impacts resulting from an emergency
spillage of radioactivity onto the ground, or the effectiveness of a remediation measure, such as
fixation of radionuclides, etc.

INTRODUCTION

A model to simulate the radionuclide transport from a contaminated land surface to a
nearby stream is urgently needed today for protecting surface water. Unfortunately, there is no
reliable model available. The purpose of this paper is to report on the US Environmental
Protection Agency’s effort in developing the ORTER model for use in an emergency response to
protect the environment. The basic theoretical background is adopted from the existing
PRESTO-EPA model.

The PRESTO-EPA model was designed as a tool to assess the dose and risk to an
individual due to the disposal of radioactive waste in near surface trenches [EPA 1987a, 1987b,
Hung 1989, 1992, 1996), The INFIL submodel was used to calculate the annual rate of
infiltration to the waste matrix and the surface run-off to a nearby stream. Since the infiltration
flow and surface runoff are the driving forces for leaching radionuclides out of the waste matrix
and the covering soil, the accuracy of the submodel is one of the important factors in determining
the reliability of the entire transport model.

The analysis of the infiltration and surface runoff involves complex mathematical processes
for solving the partial differential equations representing the overland flow, subsurface flow and
atmospheric diffusion systems. During the process of developing the PRESTO-EPA model, the
partial differential equations were transformed into ordinary differential equations, which
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improved the stability of the numerical calculation and reduced the calculation time considerably
[Hung 1983].

The ORTER model adopts the same methodology used in the PRESTO-EPA model 1o
calculate the rates of radionuclide transport for deep infiltration to the aquifer and for surface
runoff to a nearby stream. By ignoring the retardation effects in the distributing ditches, one can
also use this model to assess the impacts resulting from an emergency spillage of radioactivity
onto the ground. or the effectiveness of a remediation measure, such as fixation of radionuclides.

To demonstrate the application of the model to an emergency spillage, four cases studies
(a basic case and three variations) normally considered in a response to a radioactivity spillage
accident, are analyzed. The primary output of the analyses consists of the cumulative transport
of radionuclides to the stream for the purpose of protecting a water supply intake.

MATHEMATICAL FORMULATION

Two submodels, INFIL and SURSOIL, are involved in the analysis of radionuclide
transport via deep infiltration and surface runoff pathways. The INFIL submodel calculates fluid
transport and the SURSOIL submodel! calculates solute transport. The theoretical background of
these two submodels are adopted from the PRESTO-EPA model with minor improvements.

INFIL Model: The INFIL submodel analyzes the fluid/moisture transport through overland
flow, subsurface flow, and atmospheric diffusion systems. The basic equations for each system
are described as follows:

Overland Flow System: The one-dimensional momentum and continuity equations governing an
overland flow system are expressed by Iwasa [1964].

nu?

10u udu ch

LEE o BEW o O Lona # =0 (1)
gdt gdx ox h*?

oh ou ch
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where u = velocity of overland flow; h = depth of flow; & = average inclination of the slope; n=
Manning's coefficient of roughness; P = rate of precipitation; E, = rate of evaporation; q, = rate of
percalation; g = acceleration potential due to gravitational force; x = space coordinate along the
slope of the trench cover; and t = time.

Subsurface Flow System: In general, the moisture in the soil is simultaneously transported in
both liquid and vapor phases. The basic equations governing this system were derived by Currie
11961] and Hillel [1980] as:
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where q = flux of moisture, 8 = volumetric wetness of soil; K = hydraulic conductivity; D, =
hydraulic diffusivity; ¥ = conversion factor for transforming the vapor flux into liquid water flux;
D, = diffusivity for water vapor; and p,, = concentration of water vapor in the air-filled void.

Atmospheric Diffusion System: The atmospheric diffusion system transports water vapor
through the turbulent boundary layer into the atmosphere. The analysis is extremely complicated.
However, by assuming the system is quasi-steady, the solution of the system equation for the
mass flux at the surface becomes obtainable. The "quasi-steady" technique assumes that within a
small time increment the flow of the carrying fluid is steady and that the effect of the change from
one flow state to the other due to the change in time step is negligible. By imposing the above
assumption, the water vapor flux within the fully developed boundary layer was expressed by Bird
[1966] based on Fick's law as:

_kzyz[_dz dap

ks ®

where I = water vapor flux; k = Prandtl's mixing length coefficient; v = time averaged wind speed;
p = concentration of water vapor in the boundary layer; y = distance from ground surface.

Theoretically, the above system equations can be solved numerically. However, the
process requires extremely long calculation times and is vulnerable to the numerical calculation
instability. To overcome these difficulties, the system equations can be simplified by transforming
the space-dependent variables into space-independent variables. One attempt was made by Hung
[1983] and was successfully used in the PRESTO-EPA model [EPA 1987a, 1987b, Hung 1989,
1992, 1996]. The results of the transformation are:

Q, = {(Sin @)" H*}/n (6)

dH/dt=P -E, - q,- Q/L (7)
E, when P+ H/At>E,

E,= | P+ H/At when E,>P+H/At>0 (8)
| 0 when P+ H/At=0
[ K, when P-E,+HAt>K,

q = | P-E,+ H/At when K, >P-E + H/At>0 9)
| O when P-E, +H/At=
rK, whenZ, < Z,.,

G = (10)
|0 whenZ,=7Z_,.

dZ,/dt = (g - 4, + Q)/W, ()
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g, = -Max(|q, |q,]) (16)

where Q, = rate of overland flow per unit width,(m*/m-hr); H = average depth of overland flow
aver the slope (m); L. = length of slope {m); n = Manning's coefficient of roughness; « = average
inclination of the slope (m/m); P = rate of precipitation (m/hr); E, = rate of evaporation from the
overland flow (m/hr); q, = rate of percolation from the overland flow system (m/hr); E, =
evaporation potential (m/hr); q; = flux of moisture infiltrating into the trench (m/hr); q, = flux of
pellicular water transported in the liquid phase (mv/hr); K, = saturated hydraulic conductivity of the
soil (m/hr); Z, = deficit of gravity water (m), Z,, = maximum deficit of gravity water (m); W, =
component of wetness for the gravity water (unitless), W,= component of wetness for the
pellicular water (unitless), Z, = deficit of the pellicular water (m); D, = hydraulic diffusivity at
equivalent wetness (m%hr); K, = hydraulic conductivity at equivalent wetness (m/hr); g, = flux of
moisture being transported in the vapor phase (m/hr); g, = flux of moisture being transformed
from gravity to pellicular water (m/hr); q, = flux of pellicular water (m/hr); and At = time
increment.

SURSOIL Model: The SURSOIL model considers the entire contaminated area with a
presumed active depth as the control volume and employs a compartment type of model. The
basic mass balance equation for the model is expressed as:

dl/dt = -A(Q, + Q) C , - A4l (17)
where I = total inventory of activity in the control volume (Ci); A = the contaminated area (m %);
Q, = the rate of overland flow (m/hr); Q4 = the rate of deep infiltration (m/hr); C,, = the

concentration of radionuclide dissolved in the water (Ci/m*); and A, = the decay constant (hr '),

By introducing the conventional definition of the distribution coefficient, K, (cm®g), one
may obtain the retardation factor as:
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R=1+(peKs )/ (18)

where R = the radionuclide retardation factor (unitless); p = the bulk density of the soil (g/cm’®);
and ¢ = the porosity of the soil (unitless).

Substituting Equation 18 into Equation 17 and distributing the total inventory into the
adsorbed and desorbed phase, One obtains

dCy/dt = -{(Q, + Qo)(PRY)} C,, - 4,C, (19)

where D = depth of the active layer of mixing (m). Equation 19 can now be solved with known
initial conditions.

DESCRIPTION AND DEVELOPMENT OF THE MODEL

The model is designed to calculate the radionuclide transport from & contaminated area to
a nearby stream, It calculates the surface runoff and deep infiltration using the dynamic equations
representing the overland flow, subsurface flow, and atmospheric diffusion systems, A
compartment type of model is used to calculate the rates of radionuclide transport through
overland flow and subsurface flow pathways.

The rates of radionuclide transport for overland and subsurface flow pathways are
calculated at the boundary of the contaminated area. The rate of transport calculated for the
surface runoff is assumed to be equal to the rate of transport at the confluence with the main
stream. This assumption is acceptable because of the screening nature of the model. The same
model can be applied for the forecast of the radionuclide transport to a stream as well as for the
evaluation of a remedial action,

The model is coded in FORTRAN, and designed to be executed on a personal computer.
For modeling convenience, three subroutines are used for the routing of the fluid flow. The time
increment of the numerical calculation is fixed to one hour. Instability in numerical calculations
may occasionally be seen at the transition from very small overland flow to no overland flow.
However, the error in the mass balance is negligibly small in all cases studied. Therefore, from a
practical viewpoint, the calculation is considered to be stable for all cases.

CASE STUDIES

In order to demonstrate the model functions, four cases are studied. For each case, 100
curies of Cs-137 is spilled on a 100 meter square slope. For the basic case (Case 1), it is assumed
a 100-year 24 hour storm (total rainfall = 0.2 meter or approximately 8 inches) occurs
approximately one month after the spillage. Case 2 assumes that the 100-year storm occurs right
after the spillage; Case 3 assumes that the land is treated with chemical fixation (increase the
distribution coefficient from 5 cm¥/g to 10 cm*/g); and Case 4 assumes that the area is plowed to
30 cm depth with mechanical fixation (increase the mixing depth from 10 cm to 30 cm).

The results of the analyses are shown in Figures 1, 2, 3, and 4 for Cases 1, 2, 3, and 4
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respectively. The results indicate that the cumulative activity being transported into the stream for
Case 2 increases from 9.20 Ci ( basic case) to 10.7 Ci. By treating the area through chemical
fixation, Case 3, could reduce the transported cumulative activity from 9.2 Ci to 5.05 Ci, and by
plowing the area, Case 4, could reduce the transported cumulative activity from 9.20 Ci to 3.41
Ci.

CONCLUSIONS

A computational model designed to calculate the transport of radionuclides from a spillage
area to a nearby stream is developed. The model can be used as a radionuclide transport
forecasting model or a remediation measure evaluation model. The numerical calculation using a
fixed one hour increment is judged to be stable and the mass balance is, in general, conserved.
Sample case studies are also conducted for those potential application scenarios. The results
indicated that the model responded to the test cases reasonably well.
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THE RIPARIAN ECOSYSTEM MANAGEMENT MODEL (REMM):
NUTRIENT DYNAMICS **

Shreeram Inamdar, Postdoctoral Associate ’; Lee Altier, Assistant Prof. *;
Richard Lowrance, Ecologist *; Randy Williams, Agricultural Engineer %
and Robert Hubbard, Soil Sclentist °,
* University of Georgla, Tifton, GA; * College of Agriculture, Californin State University, Chico, CA;
$ Southeast Watershed Research Labhoratory, USDA-ARS, Tifton, GA.

INTRODUCTION

The Riparian Ecosysiem Management Model (REMM) has been developed as a tool to aid natural resource agencies and
others in making decisions regarding water quality management. It is also intended as a tool for researchers to aid in the
study of the complex dynamics related to the water quality functions of riparian ecosysterns. REMM is speciiically designed
to simulate processes in riparian buffer systems corresponding with specifications recommended by the U.S, Forest Service
and the USDA-Natural Resource Conservation Service as a national standard (USDA-NRCS, 1995),

The riparian system is charactenized in the model as three zones parallel to the stream, representing increasing levels of
management in the direction of the uplands (see Fig. 1 in Lowrance etal,, 1998). The model provides the opportunity fo
analyze the effect of a vanety of environmental and management scenarios. [n general, however, bufter systems promote
some common water quality functions. Vegetation and associated lilter material provide physical barriers to water and
sediment transport over the ground swiface. Depasition of organic matter by plants provides a substrate supporting impartant
biological transformations of chemicals in the soil. Flants also sequester nutrients such 4s nitrogen and phosphorus that
contribute to water pollution. The zone immediately adjacent to the stream helps to protect the stream bank and aquatic
habitat. The water quality functions of the three zones have been discussed in detail by |.owrance et al. (1995),

The model is also characterized by a litter layer and three soil layers through which vertical and Jatera) movement of water
and associated dissotved putrients are simulated. The litter layer is important as the locus for the mixing of surface water
with the soil surface. This mixing process results in an equilibrium of dissolved and adsorbed chem:cal concentrations which
determines amounts of chemicals that are subsequently leached, deposited on the ground surface, or carried along in surface
rupoff. Concentrations of dissolved and adsorbed chemicals arc recalculuted s water moves through each of the other soil

layers.

As importmt contributors to water quality degrudation, nitrogen, phosphorus, and sediment are the main foci of the REMM
model. This paper describes soil nutrient processes simulated in REMM and descnbes an initial application of the mode!
at a site i the Atlantic Cosstal Plain Region of the United States in south Georgia. A more detaiied description of the
algorithins and equations is provided in the model documentation (Altier et al., in press).

DPESCRIPTION OF MODFEL
Nitrogen and phosphorus can enter into the buifer system in precipitation, dissolved in surface und subsurface water flow,

and adsorbed lo incoming sediment carried by surface Bow. Their presence in different forms and the associated degree of
physical and chemical stabilization influences their availability for microbial transformations and piant uptake.

I Contribution from the USDA-ARS, Southeast Watershed Research Laboratory, P.O. Box 946, Tifton, GA 31793, m
cooperation with University of Georgia Coaslal Pimn Experiment Station and California State University.

% All programs and services of the USDA are offered on a nondiseriminatory basis without regard to race, color, national
arigin, religion, sex, age, marital status, or handicap.

* Biological and Agricultural Engineering, Unjversity of Georgia, P.O. Box 745, Tiflon, GA 31793; phone: (912) 386 7210,
fax: (912) 386 7294, Email: rivers@tfton.cpes. peachnet edu,

1-73



Organic Matter

The C cycle is fundamental for sinwlation of all organic matter dynamics and nutrient cycling processes in REMM.
Stoichiometric relationships are assumed among C, N, and P in the organic matter. N and P are relessed and immobilized
in proportion to transtormations of C (Thompson et al., 1954; Sharpley et al., 1984). Simulation of C dynamics is largely
based upon the Century Model (Parton et al,, 1987, Parton et al., 1988). Five C pools comprising litter and soil organic
matter are simulated, each characterized by a different rate of turnover and C:N and C:P ratios. The C:N ratios for these
pools are a constant; the C:P ratios vary according to labile P level at the time of immobilization. Although the C pools
would be difficult to distinguish and measure in the field, they represent portions of the total mass of soil carbonaceous
malerial that must be accounted for in order to estimate mineralization and immobilization of nutrients (Jenkinson et al.,
1987). The decomposition rates of the organic matter pools are caleulated according 1o first-order rate equations modified
by temperature, moisture, and in the case of litter residues, C:N and C.P ratios.

Although organic matter is largely insoluble, dissolution from the more labile pools into surface and subsurface water is
simulated according 1o a relationship by MeGill et al. (1981). Only small amounts of organic matter can enter solution.
However, at depth in the soil where denitrification may be C limited, the presence of even small amounts of C could allow
denitrification to occur.

Litter

As a sumplification, instead of keeping track of many individua? inputs of organic residues separately over time, daily inputs
of fresh residue are mixed with existing pools of residue material. Depending on the source of vegetation (species and plant
part), incoming litter is characterized by its C:N, C.P, and lignin:N ratios. The lignin:N ratio of fresh litter determines
proportions that are allocated to a pool of quickly decomposed metabolic material or a more recalcitrant pool of structural
material.

Exogenous sources of nutrients can facilitate the decomposition of litter (Alexander, 1977, Hart et al,, 1993), Effective C:N
and C:P ratios influencing residue decomposition are calculated as a function of the content of N and P in the litter as well
as the content of available morganic N and P in the soil. As decomposition of the litter takes place, C, N, and P are relessed.
In satisfying the respiration requirements of the soil microbes, a portion of the C is lost in CO, to the atmosphere, and the
remaining C is reimmobilized into humus, According to the requisite C:N and C:P ratios of the humus, corresponding
amounts of N and P are immobilized with the C. The C:N and C:P ratios in plant residue are generally much higher than
in the soil humus pools. As carbon is transformed from litter into humus, immobilization of exogenous inorganic N and P
usually occurs ftom the soil. If amounts of available N and P are inadequate for synthesis with C into the humus,
decomposition of the residue slows down, and immobilizatien of C, N, and P into humus stops.

Humus
Soil organic matter has been characterized as having sctive and stable components. The older fractions may be over 3000

years old (Jenkinson and Rayner, 1977). In REMM, based upon the Century model (Parton et al,, 1987), plant residues are
decomposed into three soil organic matter pools: 1) an active poal consisting of biomass and metabolites of biomass with
a rapid decay rate; 2) a slow pool consisting of organic matter that has been partiaily stabilized either chemically or else
physically by adsorption or entrapment within soil aggregates (Paul and van Veen, 1978); and 3) a passive pool of
chemically stabilized organic matter having a very slow decay rate. Carbon is continually mineralized and reimmobitized
among the soil organic matter pools.

In contrast to a fixed C:N ratio in the humus pools, the C:P ratio of newly formed soil organic matenal is allowed to vary,
simulating a paositive correlation between microbial P content and the content of labile inorganic P in the soil. This approach
follows the Century model (Parton et al,, 1988} and 1s based upon concepts of MeGill and Cale (1981).

Inorganic Nutrients

Nitrogen . . ) o )
Ammonium and nitrate forms are both avatlable for immobilization into soil organic mattes [mmobilization of nitrate

occurs only after all available ammonium has been used. Ammonium may e in solution or adsorbed to the soi] matrix,
according 1o an equilibrium equation.
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Nitrification is calculated with a first-order rate equation influenced by temperature, moisture, and pH. The
determination of the rate cozfficient follows the approach of Reuss and nnis (1977) and Godwin and Jones (1991),
based upon a Michaelis-Menten function described by McLaren (1970). With increasing amounts of substrate, the rate
of nitrification is lagged to represent a delayed microbial response.

The caleulation of denimification is a function of the interaction of factors representing the degree of anaerobiosis,
temperature, NO,-N, and mineralizable C. Atlevels of nitrate concentration below 3 mg kg™, the denitrification rate is
simulated as being limiled by nitrate. At higher levels, the carbon concentration is limiting (Webster and Goulding,
1989, Yoshinari et al., 1977). Denitrification mostly occurs as water-filled pore space gets above 60%. However, the
respanse to a sudden increase in anaerobiosis is lagged in order to sccount for the time required for bacterial enzyme
production.

Phosphorus
Simulation of morganic P follows the approach used in the EPIC model (Jones et al., 1984). Three pools of inorganic P

are simulated in REMM. Besides a labile form, there ate two pools representing increasing levels of chemical
stabilization that are unavailable te plant uptske or microbial transformation. The labile form may be dissolved or
adsorbed, according to a partitioning coefficient (Williams et al,, 1984).

MODEL EVALUATION
Parameterization

REMM nutsient component was evaluated vsing data collected from expenmente! riparian buffer sites located at the
Unversity of Georgia Gibbs Farm near Tifton, Georgia. A detatled description of this site along with the type of data being
collected and instrumentation is provided in Lowrance et al. (1998), Sheridan et al. (1996, 1998); and Bosch et al. (1996).
The study area is located i the Tifton Upland in the drainage area of the Little River. The site has been managed as a three-
zone buffer sysiem. Zone 1 consists of hardwoods, mostly yellow poplar (Liriodendron tulipifera L.) and swamp black gum
(Nysse sylvatica var biflora Marsh.). Zone 2 consists of conifers, primanly longleaf pine {(Pinus palustris Mill.) and slash
pine (Pinus elliotti Engelm.). Zone 3, the area of the buifer furthest away from the stream, consists of perennial grasses.
Most of the riparian area is on Alapaha loamy sand (loamy, siliceous, thermic Arenic Plinthic Paleaquults). The upland fields
are on Tifton loemy sand (Calhoun, 1983),

The most definite and explicit observation that was available to test the nutrient compenent was nitrate concentrations
measured at recording wells located at different positions along the riparian transect (Hubbard and Lowrance, 1997). These
wells were located at downslope edge of each zone and were assumed to monitar the nitrate concentration exiting each zone.
Groundwaler nitrate concentrations were collected biweekly from 52 through 56. The wells were screened at a depth of 2
m, so the measured nitrate concentrations represented the concentrations i the water table within the top 2 m of the soil
profile. Other observations which were not as specific, that were available to compare against model predictions included:
annus) denitrification and plant uptake rates on akg per hectare. In addition, an annual nitrogen budget of model predicted
values was also prepared to compare against lilerature estimates from riparian areas and forests.

Prior to evaluation of the nutrient component, the hydrology and sediment components of the model were verified since the
fate of nutrients is decided to a large extent by the spatial distribution and movement of water and sediment. Hydrology and
sedimrent component evaluations were performed for a 5 year simulation period from 92 through 96 and have been presented
in Inarndar et al. (1998) and Bosch et al. (1998) respectively. A description of the rainfall and runoff rates and hydrologic
paramaiers required to initielize the model has also been presented in the above mentioned papers and hence is not repeated
here. With respect to nutrient evaluation the mode! had to be initialized for: {a] daily nitrogen and phosphorus loadings from
precipitation, and surface and subsurface runoff from contributing fields; and [b] values describing the carbon, nitrogen, and
phosphorus pools in the riparian soil and vepetation.

Concentrations for organic nitrogen and phosphorus, ortho-P, nitrate, and ammonium entering in surface and subsurface
runoft were available from the data collected at the site from 1992 through 1996 (Lowrance, Unpublished data).
Atmospheric loadings of these parameters were estimated from values published by the National Atmaspheric Deposition
Program (NADP, 1997). Table | hsts the estimated annual average concentrations of the nutrients entering in water and
sediment. Carbon, nitrogen, and phosphorus pools were initialized based on measured data at Gibbs farm (Lowrance,
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Unpublished data) and from previously published data from other ripenan sites in the Little River Watershed (Fail et al .

1986; Fail, 1983).

Table |: Annual average nutrient concentrations applied 1o the riparian buffer over the simulation period 92-96.

Nutrient forms Precipitation Surfece runoff Sediment Subsurface flow
(ng/L) (mgl) Ok (mg/L)
Nitrate-N 0.70 242 0.00 1118
r
Ammonium-N 012 3.11 0.113 1.00
Ortho-P 0.0026 1.10 0.022 0.00
Carbon 1.00 11.00 231 20.00
! percent of sediment mass
Resyjts and Discussion

Model predicted and observed monthly nitrate concentrations in subsurface flow exiting each zone are presented in Figure
1. Though simulations were performed for years 92 through 96, comparisons presented in Figure | start from year 93 since
year 92 was assumed as a buffer year to allow the model to reach a pseudo-steady state condition. It is apparent from Figure
| that predictions for zone 3 are excellent. For zone 2 the predictions were good, but for zone | model predicted values were
significantly less than those observed. This indicates that processes and mechanisms that dictate nitrate concentrations in
soil water are best simulated for zone 3, followed by zone 2 and |.

Comparison of observed nitrate concentrations from the field and those exiting each of the zones (see Figure 1) reveals that
zone 3 does not significantly influence the nitrate concentration in subsurface water. In contrast zone 2 which has the pine
forest was responsible for the greatest drop in nitrate concentrations. This trend is also supported by model predictions.
Although the grass buffer zone may be effective in reducing nutrients transported via surface runoff and sediment it may not
be equally effective in sequestering nutrients such as nitrate-N traveling in subsurface flow, Itis also possible that nitrate
concentrations in subsurface water within zone 3 are augmented by nitrate additions from surface water since both field
observations and model simulations indjcate that most of the surface runoff that enters zone 3 from upland fields infiltrates
in zone 3 (for hydrology results see Inamdar et al., {1998)).

Observed nitrate concentrations for zone 2 and | are very close and there seems to be no significant drop in nitrate
concentration when subsurface flow moves through zone 1. Model results do not support this trend. Nitrate concentrations
in the soil water within each zone as simulated in the model are influenced by external loadings, mitrification, denitrification,
plant uptake, immobilization by microbes, and movement with water. External loadings and nitrification increase the nitrate
levels whereas denitrification, plant uptake, immobilization by microbes, and movement with exiting water represents
pathways through which soil water nitrate is lost or reduced. Considering the low levels of witrate predicted for zone |
compared to those observed, it is possible that the model is not adequately simulating additions of nitrate to the soil via
processes such as mineralization and subsequent nitrification. Alternatively, the other possible reason for low simulated
nitrate concentrations could be that simulated values of plant uptake and denitrification are higher than thase ocournng at
the site. Though, this does not seem probable since simulated values for plant uptake and denitrification are ciose to those
reported for this site (discussed below).

Model simulated annual nitrogen fluxes averaged over years 93-96 for each zone are presented in Figure 2. This allows
comparison of annual estimates of processes such as denitrification and plant uptake with literature values. For the Gibbs
farm riparian site Lowrance (Unpublished data) have found annual denitrification rates of 37, 19, and 17 kg N/ha/yr for zones
3,2, and | respectively (rates for years 92 & 93 only ). Observed rates were computed considering the top | m of the soil
profile. Simulated denitrification rates of 23, 23, and 14 kg N/ha/yr for zones 3, 2, and | are close to the observed values
(annual vatues averaged over 93-96). In model simulations, most of the denitrification occurred within the top two layers

{1-1.5 m from the surface).
Estimates of other nitrogen cycling processes such as plant uptake, litterfall, mineralization, nitrification, etc . for the Gibbs
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Figure 2: Annual nitrogen fluxes averaged over the simulation period 93-96 (all values in kg/ha/yr).
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farm were not available. To allow for some measuse of verification of model simulations, predicted values for these
processes were compared to literature estimates presented in Table 2. As is obvious from Table 2 there is a wide range for
estimetes on precesses such as plant uptake, litterfall, and N-muneralization. Simulated plant uptake values seem to be
within the bounds reported in literature. Conifer and deciduous vegelation simulated in the model was maintained at pseudo-
steady state growth condition hence piant uptake values are expected to be smaller than those that would typically be
observed for a growing forest. Litterfall and mineralization rates are similar to literature values.

Table 2: Literature estimates on nitrogen fluxes observed in riparian and upland forests.

Process Units Investigators Location Deseription Estimates

Specific values:

Denitrification kgN/halyr | Lowrance, Little River, A Riparian forest 37,19, 17!

Unpublished data

Plant Uptake kgN/ha/yr | Fail et al,, 1986 Little River, GA. Riparian forest 50
| Plant Uptake kgN/hasyr l:ge;ijohn and Correll, ! RhodeRiver, MD | Riparian forest“- 77

Ranges: (mostly from upland forest studies) modified from Gosz, 1981.

Litterfall N kgN/hatyr | -- - Conifer forest 10-90 4
LLitwr['all N kgN/hatyr | - - Deciduous forest t 45 - 9{;““
| Plant Uptake kgN/hayr | .- - - Conifer forest 30-75

Plant Uptake kgN/hahr 1+ -- - Deciduous forest ! 50 - 100

Mineralization | kgNhaiyr | -- - Conifer forest 50 - 100
- Minerelization | kgN/halr ! .- - Deciduous forest 1 100 - 300

" for zone 3, 2, and 1 respectively.
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THE RIPARIAN ECOSYSTEM MANAGEMENT MODEL: SIMULATOR FOR
ECOLOGICAL PROCESSES IN RIPARIAN ZONES"

R. Lowrance, Ecalogist, USDA-ARS, Tifton, GA*; L. S. Altier, Assistant Professor, California
State Univ., Chico, CA; R. G. Williams, Agricultural Engineer, USDA-ARS, Tifton, GA; S. P.
Inamdar, Post-Doctoral Associate, Univ. of Georgia, Tifton, GA; D, D. Bosch, Hydrologist,
USDA-ARS, Tifton, GA; J. M. Sheridan, Hydraulic Engineer, USDA-ARS, Tifton, GA; D. L.
Thomas, Associate Professor, Univ. of Georgia, Tifton, GA; R. K. Hubbard, Soil Scientist,
USDA-ARS, Tifton, GA

Abstyact: The Riparian Ecosystem Management Model (REMM) is a simulation model developed
by USDA and university cooperators to provide comparisons among different field-scale buffer
systems. The primary uses of REMM will be to simulate the water quality impacts of riparian and
other edge of field buffer systems of different lengths, slopes, soils, and vegetation. Agencies such
as USDA-NRCS and USDA-FS need this type model in order to provide specific guidance to
landowners needing edge of field buffer systems. Although designed to simulate the specific type of
muitiple-zone buffer system recommended by USDA agencies, REMM is flexible enough to
accommodate a wide range of buffer systems in a variety of land use settings. If hydrologic and
pollutant loadings to the buffer system are available or can be estimated or modeled, REMM can be
used to represent most edge of field buffers receiving diffuse inputs of water. This paper presents the
general structure of REMM and information on the initial field testing site for the model.
Operational aspects and details of model components and test simulations for REMM using field
data from a riparian buffer system in the southeastern coastal plain are presented in five other papers
in these proceedings,

INTRODUCTION

Agriculture continues to be a major contributor of nonpoint source pollution to the nation’s waters
and continues to limit the attainment of designated uses in many rural watersheds (USEPA, 1997).
There is a growing realization that for agricultural watersheds to meet designated uses as defined
under the Clean Water Act (CWA), there must be a combination of ¢fforts to both control nonpoint
source pollution and to restore aquatic ecosystems. Restoration and management of riparian
ecosystems are essential to restoration of aquatic ecosystems and to attainment of water quality goals
because of the multiple water quality functions performed by riparian ecosystems. Ripanan forests
are known to reduce delivery of nonpoint source pollutants to streams and lakes in many types of
watersheds (Lowrance et al, 1997). In addition, riparian forests are known to be important in
controlling the physical and chemical ¢nvironment of streams and in providing detritus and woody
debris for streams and near-shore areas of large water bodies.

The major United States Department of Agriculture efforts to restore riparian ecosystems are funded
through the continuous sign-up of the Conservation Reserve Program (CRP) and the Conservation
Reserve Enhancement Program/State Enhancement Program (CREF/SEP) authorized in the 1996

' Contribution from the USDA-ARS, Southeast Watershed Research Laboratory, P.O. Box 946, Tifton, GA,
31793, in cooperation with the University of Georgia and California State University.

2 Al} programs and services of the USDA are offered on a nondiscriniinatory basis without regard to race, color,
national origin, religion, sex, age, marital siatus, or handicap.

3 USDA-ARS-SEWRL, P.O. Box 946, Tifton, GA 31793. Phone: 912-386-3894; fax: 912-386-7294; ¢-mail:
lorenz(@tifton.cpes.peachnct.edu,
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Farm Bill. The continuous sign-up allows landowners to offer lands with high Environmental
Benefits for the CRP at any time. Efforts spearheaded by Vice-President Gore o address the
nation’s lack of progress toward CWA goals have focussed on use of the CREP/SEP mechanism to
address critical agricultural water quality problems (White House Memorandum, 10/18/97), The
first project funded for CREP/SEP is an effort to have up to 100,000 acres of riparian land along
Maryland’s streams and rivers set aside and maintained to protect water quality (White TJouse Press
Release, 10/20/97). The Maryland CREP/SEP will spend about $200 million over 15 years to
restore riparian ecosystems,  Clearly, USDA is planning to make large investments of funds in
restoring streamside (riparian) ecosystems to control nonpoint source pollution, increase attainment
of designated uses of streams, to provide wildlife habitat, and to restore aquatic ecosystems,  An
evaluation of whether goals are being met and an evaluation of alternative scenarios for achieving the
environmental goals should accompany expenditure of public money to achicve cnvironmental
goals. Restoration and management of riparian ecosystems, while generally good for water quality,
should be evaluated for their efficacy in controlling specific nonpoint source pollution problems.
Although gencral guidelines are available from USDA action agencies on the management of
riparian buffers (Welsch, 1991; NRCS, 1995), information is lacking on how buffer zones should be
designed and managed to meet site-specific needs.

The Riparian Ecosystem Management Model (REMM) has been developed by USDA and university
cooperators in order to provide a tool to assess the nonpoint source pollution control functions of
niparian buffer systems. Unlike pollution control practices, which depend on engineering structures
to control water or water-bome pollutants, riparian buffer systems arc complex ecosystems, The
control of nonpoint source pollution in riparian ecosystems depends on interactions among the
hydrology, soils, vegetation, management, and chimate of a specific riparian buffer system.  Models
which cannot account for effects of these factors on water and chemical transport in riparian systems
will not be useful for comparisons of different scenarios of riparian buffer use to control nonpoint
poliution. The series of papers presented at this symposium describe the functional elements of
REMM and present validation results for the model. A demonstration will provide details on
initializing and running the model. In this paper we provide an overview of the conceptual basis for
REMM. In addition, we describe the general characteristics of an experimental miparian buffer
svstem used for validation studies presented in the other papers.

GENERAL FUNCTIONS OF RIPARIAN BUFFER SYSTEMS

Riparian forests were the original streamside vegetation in most humid and sub-humid regions of the
world, including the Eastern and Midwestern United States. Ripanian forest is generally distinct from
the surrounding landscape, even when the adjacent arcas are in forest. In more arid areas, the
niparian forest may be the only forest in a landscape, for example the gallery forests of the tall-grass
prairie. In most cases, regardless of original or native vegetation, riparian ecosystems form an
ecotone or edge between upland vegetation and land uses and aquatic ecosystems.

The general functions of riparian forest ecosystems have been reviewed and ranked for the
Chesapeake Bay Watershed from most to least general based on the available scientific literature
(Lowrance et al., 1997). These buffer systcm concepts are based on field observations, process
studies, and experimental manipulations in a mimber of different riparan ecosystem studies.
Because of the diverse nature of the Chesapeake Bay Watershed, the rankings probably apply to
many humid regions in the U.S, The most general water quality function of riparian forests is to
provide control of the siream environment. These functious include modifying stream temperature;
controlling light quantity and quality; enhancing habitat diversity, modifying channel morphology;,
and enhancing food webs and species richness. All of these factors are important to the ecological
health of a stream and are best provided by a riparian forest that approximates the original native
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vegetation (Sweeney, 1992).  These functions occur along smaller streams regardless of
physiographic region. These functions are most important on smaller streams, although they are
important for bank and near-shore habitat on larger streams and the shoreline of lakes and bays.
Riparian forests contribute to bank stability and thus minimize sediment loading due to instream
bank erosion. Depending on bank stability and soil conditions in the area immediately adjacent to
the stream, managemcnt of adjacent areas for long-term rotations may be necessary for sustainability
of stream environment functions. The next most general water quality function of riparian forests is
control of sediment and sediment-borne pollutants carried in surface runoff. Properly managed
nipanan forests should provide a high level of control of sediment and sediment borne chemicals
regardless of physiographic region. Natural riparian forest studies indicate that forests are
particularly effective in filtering fine scdiments and promoting co-deposition of sediment as water
infiltrates. The slope of the nparian forest, the available water storage capacity, and the soil cover by
litter are the main factors determining the effectiveness of sediment removal in mature riparian
forests. In restored riparian forests, the degree to which enhanced infiltration typical of forest soils
has been established might also determine effectiveness in controlling surface runoff pollutants. In
all physiographic settings it is important to convert concentrated flow to sheet flow in order 10
optimize riparian forest function. Conversion to sheet flow and deposition of coarse sediment that
ﬁelsd damage young vegetation can be enhanced by a vegetated filter strip upsiope from the riparian
1.

The next most general water quality function of riparian forests is to control nitrate in shallow
groundwater moving {oward streams. When groundwater moves in short, shallow flow paths, such
as in many Coastal Plain watersheds, 90% of the nitrate input may be removed. In contrast, nitrate
removal may be minimal in areas where watcr moves to regional groundwater such as in Piedmont
and Valley and Ridge areas. The degree to which nitrate (or other groundwater pollutants) will be
removed in the riparian forest depends on the proportion of groundwater moving in or near the
biologically active root zone and on the residence time of the groundwater in these bialogically
active areas. The presence of wetlands and the hydrologic connection between source areas and
wetlands enhances the removal of nitrate via denitrification.

The least general function of riparian forests appears to be control of dissolved phospharus in surface
runoff or shallow groundwater. Control of sediment-bome P is generally effective, In certain
situations, dissolved P can contribute a substantial amount of total P load. Most of the soluble P 1s
bicavailable, so the potential impact of a2 unit of dissolved P on aquatic ecosystems is greater. It
appears that natural riparian forests have very low net dissolved P retention. In managing for
increased P retention, effective fine sediment control should be coupled with use of vegetation that
can increase P uptake into plant tissuc.

USDA’s RIPARTAN FOREST BUFFER SPECIFICATION

Based on the general concepts described above, a siparian forest buffer system specification has been
developed by USDA. (Welsch, 1991; Lowrance, 1992; NRCS, 1995) The riparian forest buffer
specification is for a three zone riparian buffer system with each zone serving a particular major
purpose and a number of secondary purposes (Figure 1). The buffer system consists of trees, shrubs,
and herbaceous vegetation.. The riparian forest buffer specification calls for a Zone 1 immediately
adjacent to the stream which consists of permanent woody vegetation  In many cases, Zone I
vegetation will be mative hardwood species that occur on or near streambanks.  The major purposc
of Zone 1 is 1o provide shade and litter inputs for the aquatic ecosystem. The secondary function of
Zone 2 is to retain nutrients,  Zone 2 is on the upslope side of Zone 1. Zone 2 is an area of
managed forest, which can be used for timber or biomass production by the landowner. The major
function of Zone 2 is nuttent retention and infiltration of surface runoff. Secondary functions of
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Zone 2 are to provide a buffer for Zone 1 vegetation and to retain sediment in surface runoff. Zone 3
is an herbaceous filter strip upslope from Zone 2. Zone 3 is similar to contour filter strips used 2s a
ﬁeld management practice. Management practices such as stiff grass buffers can also be
incorporated in this zone. Zone 3 is generally immediately adjacent to the field or other pollutant
source. The major functions of Zone 3 are sediment retention and conversion of channelized flow to
sheet flow. Secondary functions of Zone 3 are infiltration of surface runoff and nutrient retention.

Figure 1: Cross
section of riparian
buffer system as
simulated in REMM.

REMM was developed
specifically to simulate
hydrologic, chemical,
physical, and biological

processes in the type of Zone 3 Zone2
riparian buffer system

described above which

has been adopted asa

practice by USDA

agencies. REMM also provides flexibility to simulate functions of a wide variety of other field-edge
and in-field buffer systems. Although the ripanan forest buffer specification requires trees or shrubs
in Zones | and 2, REMM can simulate up to twelve different vegetation types, and multiple
vegetation types per zone. REMM can be used to simulate non-forest buffers and buffers in non-
riparian positions, as long as the water, nutrient, and sediment inputs from the contributing area can
be modeled or empirically determined.

Zonel

GENERAL STRUCTURE AND FUNCTION OF REMM

REMM is designed to simulate daily processing of water, sediment, carbon, and nutrient inputs to a
buffer system (Altier et al,, In press). In general, inputs will be from agricultural lands, although
inputs of water, sediment, and nutrignts from other land uses could also be simulated. Water inputs
are rainfall (or snowfall), surface runoff, subsurface flow (shallow groundwater), and seepage.
Water outputs for each zone are calculated as subsurface flow, surface runoff, seepage, and
evapotranspiration (ET). Nitrogen phosphorus, and carbon are input and output with each type of
water input or output (except ET). Surface runoff carries sediment into and out of the zones. The
output from Zone 1 is an estimate of the streamflow contribution of the entire contributing area,
including the riparian buffer. In this sense, REMM is a watershed model when combined with
modeled input from the upslope contributing area. REMM does not simulate the effects of channel
expansion and overbank flooding during storm events, REMM assumes a lower confining layer for
subsurface flow, although water can be allowed to move through the lower confining layer at a
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constant rate. REMM does not allow simulation of groundwater flow paths that may make their way
to stream discharge below the lower confining layer.

Much of the sediment transport module of REMM is based on AGNPS (Young ct al, 1989).
Scdiment movement is simulated in rill and interrill erosion. Sediment is assumed to be composed of
sand, large aggregate, small aggregate, silt, and clay. Sediment erosion, transport, deposition, and
routing are done for each particle size class. Sediment deposition or transport is determined based on
the transport capacity of the zone.  Deposition or transport takes place through interaction with a
litter layer, which is assumed to mix completely with surface runoff.

The dynamics of inorganic N and P in REMM are tied to estimates of either transformation rates or
equilibrium concentrations for adsorbed ions. Nitrogen and phosphorus in initial soil organic matter
(SOM) pools or N and P incorporated into plant biomass are cycled through SOM pools with
different decomposition rates as done in the CENTURY meodel (Parton et al, 1987). N and P are
mineralized as plant litter or SOM is re-synthesized into pools with a higher C/N or C/P ratio. N and
P are immobilized from inorganic pools into either living plant biemass or SOM pools. As plant
litter or soil organic matter are resynthesized into pools with higher C/N or C/P ratios, N and P are
mineralized. Inorganic nutrients, whether from input sources or from mineralization of SOM, are
available for plant uptake, microbial immobilization, water bome movement, or denitrification (N
only). REMM does not simulate movement of pesticides, although it does simulate movement of
dissolved and adsorbed carbon compounds that could be used as analogs of pesticides.

Vegetation growth is simulated on a stand basis. Vegetation in both an upper and lower canopy can
be simulated for each zone and up to 12 different general vegetation types can be simulated. Plant
growth is modeled based on estimates of the amount of gross photosynthesis and allocation of the
photosynthate to growing plant parts and respiration depending on demand.  If photosynthates are
available, plant growth is limited by the availability of water and nutrients. Simulation of
photosynthesis is based on the Forest-BGC mode] (Running and Coughlan, 1988),

TESTING AND VALIDATION OF REMM

Numerous rescarch groups around the country where studies of riparian buffers in various settings
have been conducted are curmently testing REMM. Initial testing of REMM has been done by
comparing simulated riparian buffers to data from actual riparian buffers studied by the Southeast
Watershed Research Laboratory near Tifton, GA.  This section of the paper describes the general
characteristics of the field site used for walidation of REMM. Subsequent papers in these
proceedings will describe the specific resuits from the validation studies for hydrology, sediment
transport, nutrient cycling, and plant growth.

Gibbs Farm Study Site: The study was done at a research farm (Gibbs Farm Site - GFS) which is
part of the University of Georgia Coastal Plain Experiment Station near Tifton, GA. The site,
referred to hereafier as the Gibbs Farm Site (GFS) is located in the Tifton-Vidalia Upland (TVU)
portion of the Gulf-Atlantic Coastal Plain. The climate of the TVU is humid subtropical providing
abundant rainfall and a long growing season. Because of both less permeable soil material ar depth
and the presence of a geologic formation (Hawthorn Formation) which limits deep recharge to the
regional aquifer system, most of the excess precipitation in the TVU moves either laterally in shallow
saturated flow or moves in surface runoff during storm events The general hydrology of the region
is reflected at the GFS and makes this region and the particular site ideal for the development of
mode testing data in a relatively simple hydrologic system.
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The soil at the GFS riparian forest is an Alapaha loamy sand (finc-loamy, siliceous, acid, thermic
Typic Fluvaquents). The soil of the adjacent upland area is a Tifton loamy sand (fine-loamy,
siliceous, thermic, Plinthic Kandiudult). A three zone riparian buffer system as prescribed by the
USDA-Forest Service specifications (Welsch, 1991) was established for this research project in
1992. Zone 3 is a herbaceous filter strip, Zone 2 is an arca of managed forest where trees can be
harvested, and Zone 1 is an area of permanent woody vegetation immediately adjacent to the stream
channel. Atthe GFS (Figure 1), Zone 3 is an 8 m wide strip of common Bermudagrass (Cynodon
dactyion L. Pers.) and Bahia grass (Paspalum notatum Flugge). The grass strip was interplanted
with perennial ryegrass (Lolium perrene 1.) during its establishment. Zone 2 (before timber harvest)
was a 40 10 55 m wide band of slash pine (Pinus elliottii Engelm.) and long leaf pine (Pinus palustris
Mill). Zone 1l is a 10-m wide band of trees with mostly hardwoods including yellow poplar
(Liriodendron tulipifera L.) and swamp black gum (Nyssa sylwatica var biflora Marsh.). The entire
buffer averages 55 m in width along an intermittent second-order stream channel. In early
November 1992, one block of Zone 2 forest was clear-cut and one block was selectively cut. A third
Zone 2 forest block was left as a reference area (Figure 2). The clearcut Zone 2 blocks were
replanted with improved slash pine in winter, 1993. No timber was harvested from Zone 1. The
papers presented in this symposium will discuss model simulations and observations from the mature
forest area only, The forest, with an average tree age of about 50 years, was considered to be in a
steady state condition with very little net increase in biomass.

The field above the buffer system on the west side of the stream was in continuous com (Zea mays
L.) for the first three years of this study (1992-1994). In 1995, the field was planted in peanuts
(Arachis hypogea L.). In 1996, the field was planted in millet (Pennisetum glaucum L). Al crops
were grown using conventional tillage and conventional fertilizer and pesticide treatments. The
exception is that the peanuts were grown in smali test plots (4mx4m) which lead to high loadings of
sediment in surface runoff.

Instrumentation and sample collection: Instrumentation at the expenimental site was installed in
late Fall, 1991 and Winter, 1992. Well sampling and surface runoff sampling began in January, 1992
and February, 1992, respectively. Recording well installations were completed in April, 1992.
Samples were analyzed for sediment and N and P species using standard analytical techniques,

Surface runoff was collected using the dustpan shaped "Low-Impact Flow Event sampler (LIFE
sampler, Sheridan et al, 1996). Two types of LIFE samplets are used to collect either 10% or 1% of
the flow through a 30.48-cm wide dustpan. The 10% collection is made by splitting the flow into 10
pathways at the back of the collector and collecting flow from one pathway. The 1% sample is
collected by connecting two 10% samples in series. The sample receptacle is large cnough to contain
runoff from approximately a [0-year retun interval event in the 1% samplers. The receptacle is
made from a Im long piece of 10cm dia PVC pipe with capped openings at each end. PVC joints
were welded using heated PVC to avoid possible interferences of solvents in PVC cement with the
herbicide analysis. One of each type sampler is located at each zonal interface (six samplers per
zonal interface). The samplers were positioned so as not to interfere with surface runof¥ collection at
the next zonal interface (Figure 2). Six samplers are also in the middle of Zone 2. Having two types
of samplers (10% and 1%) allows both large and small runoff events to be sampled and runoff
volumes obtained. Surface runoff sample volumes were measured and subsamples collected for
nutrient and sediment analysis on the work-day following each runoff event. Multiple events in a
day were not collected separately. Samples were collected by pumping the receptacles with a
peristaltic pump while agitating the sample by mixing with the inlet line of the pump.
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Shallow groundwater movement of nutrients was determined using slotted monitor wells and a series
of recording wells. A total of 115 slotted monitor wells were installed in the entire area (Figure 2)
using Tri-loc slotted monitor pipe (Brainard-Kilman, Stone Mtn., GA). All PVC joints on monitor
wells were welded using heated PVC. Paired wells were screened from 0-50 ¢m and 50-200 cm at
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Figure 2. Layout of riparian forest plots in relation to upland field at the Gibbs Farm site.

the first four positions of each transect. The rest of the wells in each transect were screened from 0-
200 cm depth. The first four positions are 5m apart and the rest of the well positions are 10m apart.
Fully penetrating wells in the middle of each zone and the stream channel are instrumented with
pressure transducers (Druck, Inc., New Faufield, CT) connected to data loggers (Campbell
Scientific, Logan, UT ) so that water table levels can be monitored continuously. The soil water
content and recording well data were used to calculate saturated thicknesses and ground water flux
through the buffer system (Bosch et al,, 1996). Wells were sampled bi-weekly, Before each well
sampling, the depth of water below the ground surface was measured manually, and at least one well
volume was removed and discarded.

Test Conditions and Reporting of Results: Four other papers presented as part of this symposium
present simulation results for REMM with the model parameterized for the GFS. A final paper
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discusses operational aspects of REMM. The test papers present results for hydrology, sediment
transport, nutrient cycling, and plant growth for the mature riparian forest studied at the GFS. Where
possible, key parameters from the GFS are compared to model simulation. For these tests of
REMM, the GFS has been simulated as having a single vegetation type in each zone. Where
possible, soil and water pools in REMM have been initialized with data from the GFS. When not
passible, the pools were initialized from data collected at similar sites near the GFS or from literature
values. Model simulations were done using weather data collected at the GFS and using estimates of
upland inputs of water, sediment, and nutrients measured at the GFS. Very litile calibration of
REMM was necessary. Calibration of gross photosynthesis and soil organic matter tumover rates
were done in order to stabilize the steady state or mature forest case. Other than that, the simulations
presented in the companion papers are based on either field estimates of pools or rates or from
literature values.
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AN INNOVATIVE APPROACH TO IMPROVING WATER QUALITY TEROUGH
STORMWATER MANAGEMENT

By Rodney Mach, Environmental Engineer, US Army Engineer District, New Orleans,
Louisiana; Burnell Thibodeaux, Hydraulic Engineer, US Army Engineer District,
New Orleans, Louisiana

Abstract: The Water Resources Development Act of 1992, Public Law 102-580, Section 307,
authorized the Secretary of the Army to design and construct projects that address water quality
problems associated with storm water discharges into Lake Pontchartrain and the Mississippi River.
The purpose of this project is to demonstrate the capability of mitigating storm water impacts on
Lake Pontchartrain water quality by collecting, storing, and removing runoff from the drainage system
prior to its discharge to the Lake and to determine if this runoff can be effectively treated by existing
treatment facilities that currently experience high infiltration inflows. New facilities to transport storm
water can also be used to augment the capacity of existing sewage lift stations during wet weather
to reduce the potential for sewage overflows from an overtaxed system. A monitoring and modeling
program will be used to determine existing conditions and to validate the extent of anticipated
improvements.

The Jefferson Parish Demonstration Project water quality monitoring/modeling program consists of
two major components: the monitoring program and the modeling program. The monitoring program
consists of collecting and compiling water quality, meteorologic, hydrologic, and hydraulic data which
will be used in evaluating the demonstration project and for input to a receiving water quality
simulation model. The modeling program will consist of a receiving water quality simulation model
which will aid in evaluating the Project's impacts on Lake Pontchartrain for a wide range of conditions
and in assessing potential alternatives and applications throughout Jefferson Perish.

This paper will explore the Corps' role in this cost shared project and describe in detail the monitoring
and modeling programs which are planned to be implemented before and after construction. The
paper will also describe the anticipated impacts to the lake, the challenges encountered in the water
management process, and the conflicts that have been identified in the implementation of the
operational management plan especially those related to flood control versus water quality. In
addition the paper will address the development of the operaticnal model for this unique and timely
environmental and water control project.

INTRODUCTION

Backgroung; The water surrounding any community is a natural treasure and the useability of that
resource is always of great public concem. Concerns with urban runoff have primarily dealt with the
prevention of localized flooding. Only recently has urban runoff been considered as a significant
contributor to the degradation of the quality of receiving waters. Water quality problems are not
always perceivable and are less dramatic than flood events. In some cases, the pollutant load applied
to neighboring water bodies by runoff can be greater than point source loads,

Pollutants that are present between rainfall events prior to a storm accumulate on impervious surfaces
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and are generally carried away in the first 1 inch of rainfall in moderate to heavy storms. Urban
nonpoint source pollution is the result of rain washing the surfaces of urbanized areas. As this occurs,
contaminants are picked up from the air; streets; sidewalks; petroleun residues from gas powered
vehicles, exhaust products; heavy metals and tar residuals from the roads; chemicals applied for
fertilization weed and insect control; and sediments from construction sites. The dumping of
chemicals such as motor oil and antifreeze into storm drains in also a source of nonpoint pollution.
Illicit hookups of storm drains to sanitary sewers result in increased volumes of flow to wastewater
treatment plants causing more frequent overflows or bypasses of sewage flows into receiving waters.

A reconnaissance study of urban flood and water quality management for Jefferson and Orleans
Parishes was completed and approved in December 1993. One purpose of the study was to improve
the water quality of storm water runoff into Lake Pontchartrain. The study concluded that more data
were needed and recommended the use of demonstration projects. In a "consensus agreement"
between the New Orleans District and Jefferson Parish in July 1995, a plan developed by the parish
to capture and treat storm runoff using excess capacity of the Parish's East Bank sewage treatment
plant was adopted for a demonstration project.

Authority: The Water Resource Development Act of 1992, Public Law 102-580, Section 307,
authorized the Secretary of the Army to design and construct projects that address water quality
problems associated with storm water discharges into Lake Pontchartrain and the Mississippi River,
The fiscal year 1994 Energy and Water Appropriations Bill provided $2 million to prepare a Project
Cooperation Agreement and technical documentation for a storm water management demonstration
project proposed by Jefferson Parish officials. Senate Report 103-291, dated September 1994, allows
cost reimbursement to the Parish for their design and construction of the facility, relegating the Corps
to a technical management oversight role.

The recommended plan approved for implementation is to modify the existing storm water runoff
collection system and pump, via a lift station, storm water from the drainage canals to the treatment
plant for subsequent discharge to the Mississippi River.

PROJECT AREA

: The project area is located in southeastern Louisiana in the vicinity of
the city of New Orleans and includes the highly urbanized portion of Jefferson Parish on the east bank
of the Mississippi River. The area is within the Pontchartrain Basin, situated near the center of the
Gulf Coastal Plain in the lower reaches of the Mississippi embayment. The basin is a shallow
depression lying between the alluvial ridge of the Mississippi River to the south, and sloping up on
the north and west. The basin consists of lakes Maurepas, Pontchartrain, and Borgne. This system
ultimately drains into the Gulf of Mexico via the Mississippi and Chandeleur Sounds.

In the project area the ground near the Mississippi River is above sea level and elevations decrease
with distance from the river. The developed areas are protected from river and hurricane flooding

by levee systems.

Description of Drainage System: The leveed areas are divided into many subbasins by natural and
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man-made barriers and are webbed with drainage canals that terminate at pumping stations. The
drainage system is an intertwined network of subsurface culverts, ditches, canals and pumping
stations. In contrast to conventional systems which generally rely on gravity flow and free fall
discharge, the Jefferson Parish drainage system depends on the collection and pumping of all storm
water falling on the area to be drained by pumps which discharge into Lake Pontchartrain, The
treated effluent from the sewage treatment plant is discharged into the Mississippi River.

JeffersonParish operates their drainage pumping stations to maintain a specific water level in the
major outfall canals. Once those elevations are exceeded the pumps are engaged to discharge the
excess. Problems with subsidence have dictated this operation to ensure that ground water is not
drawn out of areas adjacent to the canals.

The storage areas are laterally connected by a gnid of canals. The lateral canals equalize flow between
the major outfall canals, This allows rain water to flow in different directions depending on available
capacities at the pumping stations and the location and areal extent of rainfall events over the parish.

PROJECT DESCRIPTION

The Jefferson Parish Waste Water Treatment Plant has a demonstrated wet weather capacity in excess
of the required dry weather capacity. For the demonstration project this excess capacity will be used
to treat the first runoff mixed with the contents of the drainage canals and, in dry weather a mixture
of flow from the sewage system and drainage canal contents. A 20,000 gpm Jift station and 54 in.
diameter force main will be used to transport some of the storm water from the drainage system to
the treatment facility as capacities allow and whenever water levels in the canal exceed a given
criterion. The treatment plant is an activated sludge facility with an average capacity of 70 MGD.

Generally during wet weather peak flows, when infiltration and inflow cause an increase in treatment
plant inflow, stormwater pumping to the treatment plant will be discontinued until dry weather
conditions resume. Operation of the stormwater pumps will be closely interfaced with the existing
Jefferson Parish control and monitoring systems of the drainage and sewerage departments.

MONITORING PROGRAM

A monitoring program will be conducted to evaluate the project and to provide data for input to a
receiving water quality simulation model. The program involves collecting, compiling, and analyzing
water quality, meteorologic, hydrologic, and hydraulic data. Monitoring will be conducted in two
phases; pre and post-construction. The pre-construction phase will take place prior to completion
of the project. The post-construction phase will begin after construction is complete.

Monitoring data will be used to determine existing and post construction storm water runoff quality
in the Jefferson Parish drainage canal system. Existing and post construction Lake Pontchartrain
water quality and the impact of storm water runoff on the Lake will also be evaluated. The program
will define the characteristics (i.e. volume, duration, and pollutant concentrations) of stormwater
runoff from a major portion of the urban area on the south shore of Lake Pontchartrain for both pre
and post-construction conditions. It will also quantify the stormwater pollutant loading in this area
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that is discharged to the Lake for pre and post-construction conditions.

Post-construction monitoring data will be compared to pre-construction monitoring data to evaluate
the effectiveness of the demonstration project in improving stormwater quality and, especially, water
quality in the Lake Pontchartrain receiving area.

It is anticipated that each of the phases of the monitoring program will be active for approximately
a twelve month period. Within this time frame, data from ten to twelve rainfall events of varied
intensity and duration will be collected and analyzed. The characteristics of runoff pollutant
concentrations and loadings from these different events will be analyzed to determine if a first flush
phenomenon occurs in this drainage system. These data will also be useful in optimizing operation
of the project for maximum effectiveness.

Sampling: Water samples will be collected from interior drainage system canals and from the Lake
Pontchartrain receiving area. Automatic water samplers will be utilized to collect water samples
during rainfall events. Auto samplers will be positioned to obtain samples in the drainage canals on
the intake side of three drainage pump stations. The samplers will be connected to rain gauges and
area-velocity flow meters. This will facilitate the collection of samples based on drainage canal flow
and rainfall. These sampling sites will provide information to characterize the composition and
pollutant loading of storm water discharged to Lake Pontchartrain for pre and post-construction
conditions. An auto sampler located at the intake of the proposed lift station will provide data about
the composition and pollutant loading of storm water that will be pumped to the wastewater
treatment plant via the proposed force main.

Water quality grab samples from the Lake Pontchartrain receiving area will be collected by
watercraft. Samples will be collected from near and far shore sites located offshore of the three pump
stations. Collection will take place prior, during, and after rainfall events. Data from these samples
will establish baseline water quality conditions in the Lake. These data will also be used to assess the
impacts of stormwater discharge from rainfall events on the receiving waters of Lake Pontchartrain.

Drainage canal grab samples wiil also be collected during dry periods. These samples will establish
baseline ambient dry weather canal water quality.

Because of the great number of samples associated with this program a selective number of water
quality parameters will be analyzed. Emphasis will be placed on pollutants that are common in storm
water and on pollutants that affect the designated uses of Lake Ponichartrain.

The following parameters will be analyzed for all samples:

Total Suspended Solids (TSS)
Total Dissolved Solids (TDS)
Total Volatile Solids (TVS)
Chemical Oxygen Demand (COD)
Total Phosphorus

Dissolved Phosphorus
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Total Ammonia

Nitrate + Nitrite

Total Kjeldahl Nitrogen (TKN)
Total Organic Carbon (TOC)
Dissolved Copper

Dissolved Lead

Dissolved Zinc

Hardness

Diazinon

Malathion

pH

Oil & Grease

Because of analyses holding times, only selected samples, including all grab samples, will be analyzed
for Fecal Coliform, E. Coli, and BOD,

MODELING PROGRAM

A receiving area water quality model will be developed using WASP-5 1o evaluate the impacts of the
project on the Lake's water quality. The model has the capability of simulating the transport and
transformation of conventional pollutants such as dissolved oxygen, biochemical oxygen demand, and
bacteria in the water column. Data collected in the Lake during the monitoring program will be used
to verify the model. The modeling will also provide information on the effectiveness of the
demonstration project in improving the Lakes water quality. In addition, the model will be used to
evaluate the project for a wide range of conditions and potential alternatives.

SUMMARY

The compelling issue which drove this project into being, improvement of the water quality of Lake
Pontchartrain to support and sustain a resource available for use by the public at large with minimal
risk to health, will soon have a satisfactory remedy in place. Cooperation between the Corps and
Jefferson Parish has enabled this innovative landmark project to emerge. Continued cooperation
during the various phases will ensure 2 successfu], functioning project which will meet the
expectations of all citizens.
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SUSTAINABLE SOIL, WATER AND AIR QUALITY
MANKIND’S ULTIMATE CHALLENGE AND OPPORTUNITY IN THE 21ST CENTURY

J. Patrick Nicholson, Chief Executive, N-Viro International Corporation, Toledo, Ohio

Abstract; The author, developer of the only water or wastewater technology to win the caveted President’s Citation
of Excellence in Environmental and Conservation Technology, identifies the major national and intemational
problems associated with the management of over 10,000,000,000 (ten billion) wet tons of organic wastes annually
generated in the USA alone, Pulp and paper, food process, and animal manures are the primary sources of these
huge organic waste streams. The problems discussed in detail include significant, if not critical, public concern over
pathogens in animal manures (over 2,000,000,000 wet tons), non-point source water pollution, and unregnlated
methane, CQ;, nitrous oxides, and hydrocarbon emissions exceeding 20 trillion cubic feet per year from organic
landfiils. lagoons, and surface impoundments. These gases exceed the emissions from the entire transportation
industry of the United States.

The organic and mineral wastes now creating such immense public health, air, and water problems could be the
comerstone of a worldwide effort to provide sustainable soil fertility for mankind and the impending wortdwide
population explosion to 10 billion people by the middle of the 21st Century. Society has the science and
technology to do the job and ta do it right. All that is needed is political leadership and direction.

Compost and bio-mineral processes have already demonstrated the technology to pasteurize organic wastes to
prevent manure pathogens from infecting our food supply and water quality. Such pathogens of critical concem
include cryptosporidium parvum, E-Coli, salmoneila and pfiesteria piscida.

Technologies, such as composting and bio-mineral pracesses that pasteurize, immobilize and stabilize crganics and
nutrients and provide “slow rclease” soil fertility through controlled mineralization, are discussed. The author fecls
technology transfer must be the essential component of the visionary bridge into the 21st Century. The bridge inust
be wide cnough to allow enviranmental, apricultural and public communities to work together 1o do what is nght,
Political courage and leadership together with scientific truth are absolute vital components of that bridge structure,
A sustainable national program of technology transfer is vital if such technologics are going to be understood,
accepied and utilized.

This paper 1s a review of existing USA policies and practices with regard to the Earth’s vital land, air and water
resources and a recommendation of changes needed to ensure safe and sustainable soil fertility through responsible
organic and mineral by-product management and technology.

INTRODUCTION

In the bistoric novel “A Tale of Two Cities”, the author Charles Dickens. tells us "It was the best of times and it
was the worst of times.” As time runs out on the 20th Century, no words better describe the 20th Century's
historic tmpact on civilization.

In the 20th Century, we witnessed unparalleled advances in science and technology, in the quality of life, in
education, In communications, in medicine, and indeed in the very seeds of democracy.

Yet, in the 20th Century we also witnessed more bloodshed of man by man, more terror and the development of the
tools of terror, nore destruction of family life and human discipline, more crime, more drugs of all kinds, and
finally, in the end, more greed and avarice than cver before witnessed in this country, if not in the world.  Most
importantly, we witnessed the unparalleled destruction by man of man’s very home and enviromment.  We
witnessed man’s greed and power allowing man to pollute and harm the air we breathe and fhe soil and
water so essential to our survival. We began in this century to recognize the insanity of our actions, but these
calls to action have been blunted and delayed and deliberately confused by the power of special interests to mamtain
{lie status quo which is so profitable to so few and so destructive to so many.

In the 1996 Presidential campaign, afier all of the evidence of the past twenty-five years of abuse of the political

process, we have witnessed an increase in political contributions of 2-3 tines over any previous Presidential
campaign. Where does the money come from? What do the coniributors expect for their money? Arc they
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spending such money just because they love the candidates? Are they looking for invitations to parties at the White
House? You and I both know what many of the contributors want. They want the abllity to control public
decisions. They want to maintain the status quo. They want the ability to pollute, to control prices, to sell drugs,
to monopulize, to destroy values, and to ensure that the rights of special interests are preserved abave all else. Can
democracy survive in such an atmosphere of power and abuse? Most impsrtantly, can our planet earth survive
the power and greed of these special interests?

In the 20th Century thankfully, we have had Presidents in the United States who have had the vision and the
courage ta provide essential leadership to meet the critical challenges of their time. Theodore Roosevelt introduced
conservation 1o protect our natural resources and fought the greed and power of monopolies, Woodrow Wilson gave
us the vision of America’s role in international leadership. Franklin Roosevelt, “all we have to fear is fear itself”,
uplifted our dreams, promoted the dignity and rights of the working man, and led America against the greatest evil
of this century, Nazi Germany. Harry Truman gave us the courage and the leadership to fight Communism while he
was condemned by right-wingers as a friend of Communism. Dwight Eisenhower recognized the essential dangers
of fighting a land war in As:a, and the high risks of allowing the military-industrial complex to control America’s
foreign policy. John Kennedy lifted our vision of what America can and should be: “And so. my fellow
Americans, ask not what your country can do for you, but what you can do for your country.” Jimmy Carter made
us all realize that human rights are important. Ronald Reagan, together with Pope John Paul I and Mikhail
Gorbachev provided critival leadership at a point in time when the world could easily have experienced nuclear
disaster. As a result of their efforts, the Cold War is over and I think we won. And George Bush united the free
world against the greed and cruelty of a Mid-East maniac and restored American pride in our armed forces.

In today’s society can any world leader build that bridge to the 21st Century? Can this President or any
Chief of State provide the independent political leadership and courage to do what is critically necessary ta
sustain this planet earth for our children, our children’s children and their children? This indeed is the
ultimate challenge and opportunity in the 21st Century.

POPULATION GROWTH - FOOD REQUIREMENTS

[t is now projected that by the middle of the 21st Century the world's population will nearly double to aimost 10
billion people,

Today, we are not providing sufficient food for the world’s population and teday, in providing what we de provide,
civilization is destroying the quality of earth's soils, earth’s waters, and earth's air.

Let’s spend a few ininutes 1o seek the truth. First of all, let's look at the problem!

Mankind does not need to ook to the future to see the folly of its actions, or more precisely, its inaction. The
World Health Organization, and other respected public health institutions, are dedicated to forcing so-called
intefligent industriai nations to recognize the temible Third World devastation caused primarily by food shortages.
Is society responding to this terrible human tragedy? Malnutrition is the major contributing cause In the
deaths of over 14,000 children per day.

The Worldwatch Institute, in their 1994 State of the World teport, said:

“ ... Much of the land we continue to farm is loslng ity inherent productivity because of
unsound agricultural practices and overuse. ,.More than 550 million hectares (one third of
all farmland) are losing topsoil or undergoing other forms of degradation as a direct result of poor
agricultural methods.”

“ ... the huge amounts of fertilizers and pesticides now routinely used in agriculture
frequently drain off into the groundwater beneath the fields, contaminating them for
many centuries to come,” Earth in the Balance: Ecology and the Human Spirit, Vice
President Al Gore, 1992.
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MANURES AND OTHER ORGANIC WASTE UTILIZATION

In 1993, the U.S. Department of Agriculture developed an excellent report titled “Agricultural Utilization of
Municipal, Industrial and Animal Waste”. In that report, USDA stated that “annual antmal manure production
exceeds 2.2 billion tons.” This is 40-50 times more manure than human sludge or bio-sclids waste. Moreover,
the report showed that BOD levels from such wastes were 10-100 times higher than from treated bio-solids.
In other words, manures are 500-5,000 times a bigger problem or opportunity than bio-solids. However, in all
reality, manure management is non-existent because non-point source water pollution regulation is non-existent.
We have spent billions on point source pollution prevention. And yet we have done practically nothing on
non-point source water poliution. Why not? What special interests are preventing sound and scientific
environmental and agricultural policies and practices? Why are these issues being ignored? All we seek is the
truth!

The unpublished U.S. Department of Agriculture report states:

“Waste utilization problems present a challenge and an opportunity for U.S, agrlculture.
We are currently confronted with the long-term goal of developing crop production practices that
promote sustainability. Amnimal wastes and many municipal and industrial wastes have
substantial potential value for agricultural utilization. The development of methoeds to
optimally integrate waste utilization into sustainable agricultural practices could provide a
major part of the solution to urban and industrial waste disposal problems.”

This excellent 1993 USDA report which so clearly identifies both the soil and water quality challenge and
the opportunity, is now being published - finally! Hats off to Bob Wright and all others involved in an
excellent report.

PUBLIC HEALTH CONCERNS

Two billion tons of manure are being pencrated annually. Three major concerns are obvious. They are public
health, air emissions and water pollution. How can USDA, USEPA, U.S. Dept. of Health and the White House
ignore these concerns?

1. How dangerous are farm-generated pathogens? The March 21, 1997 issue of Science tells us that indeed, as
long suspected, the 1918 killer virus, that resulted in 675,000 deaths in the USA alone, “was a classical swine
flu.” Robert Webster, virologist at St. Jude Children's Research Hospital in Memphis, Tennessee states:
“What this says is we had better watch what is happening in the pig population of the world.”

On Sunday, March 23, 1997, Dateline and in Tuesday, March 25, 1997’s Science Section of the New York
Times we read and saw the wonderful work of Dr. JoAnn M, Burkholder of North Carolina State University,
Dr. Burkholder has long been fighting a lonely battle against the “microscope killer”, Pfiestena piscida, and
against a North Carolina power structure that has fought her heroic efforts in every possible way including
threats to her life. The Time'’s story states “Pfiesteria is nourished by nunoff from urban development and
industries like hog farming.” A CBS 60 Minutes December story was equally critical of pork power practices
in North Carolina.

The excellent discussion draft for the president’s conference on food safety discussed the well known problems
of Salmonella and E-Coli. Last year in Florida, the orange juice industry was severely impacted by these
pathogens. Many of those orange groves were fertilized by untreated chicken manure. A significant percentage

of oranges are harvested from the ground.

Perhaps the greatest immediate fear is the parasite protozoan, Cryptosporidium parvum. A recent USDA survey
showed that 100% of all states surveyed have a problem, 39% of all farms have a problem. and 22% of all calves
have a problem. In 1993. Cryptosporidium infection impacted over 50% of the human population o

Milwaukee.

How can animal manure disposal or utilization be ignored? Is the next case of “mad cow disease” about 10 take
place in our USA? The Wall Street Journal recently reported a possible case in Indiana. With 2 billion tons ot
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untreated manure disposed annually near our water supplies, how are we, our children and our children's
chifdren protected witheut national reliance on demonstrated science and technology?

2. Manure disposal sites are a huge source of unrestricted emissions of hydrocarbons, methane, nitrous oxides and
CO). Why are these point source emissions ignored?

3. Unenforced CAFO regulations only provide standards for NPDES water discharge permits, No federal laws or
regulations now exist 1o provide manure management standards. Two billion tons of manure (S0 times the
volume of municipal sludge) containing crganic and nutrient levels 10-100 times per ten greater than
municipal sludge, are generated annuaily. Today there are no federal laws, no regulations, ne standards, and
precipus little guidance or technology transfer relative to two billion tons of manure! Why?

Who made the decision that these waste manures were not covered by the Rescurce Conservation and Recovery
Act? What was their authority?

IS CHANGE NECESSARY

The challenge and the opportunity have been well defined by other international authorities besides the U.S. Department
of Agriculture.

“Manure supplies nitrogen, phospharus, and other nutrients for crop growth; adds organic matier
and improves soil structure and tilth; and increases the soil’s ability to hold water and nutrients
and to resist compaction and crusting. Disposal of manure as a waste ofien leads to both suriace
waler and groundwater degradation, Improved manure management can effectively capture the
benefits of manure as an input to crop production and can reduce the environmental
problems associated with manure disposal.” Seil and Water Quality: An Agenda for
Agriculture, National Research Council, 1993.

Let’s suiminarize:

I.  Our soils worldwide are losing their sustainability due to many factars, including an over-dependence on
chemical fertilizers and pesticides, soil erosicn, mismanagement, and dimimshing organic and mineral
content,

2. A preat opportunity exists through proven established technology to utilize the huge quantities of organic and
mineral wastes generated annuglly to compliment, not supplement, chemical fertilizers and pesticides, and (o
ensure wotldwide sustainable soil fertility. However, the current uncoutrolled use of such waste materials,
creates immense water quality, sociclogical, and public hezlth concerns and problems. Land application
regulations of bic-solids and manures must sequire safe and inaccessible storage, pathogen reduction until time
of use, responsible odor controls, and management practices and technologies that control leaching to
ground water and runoff to surface waters. Without enforcement there is no compliance, Without
compliance, public health, social responsibility, and environmental protection are all seriously
endangered with current land application practices.

GLOBAL WARMING - GREENHOUSE CONCERNS

In 1988 USEPA published a report titled “Solid Waste Disposal in the USA.” This report identified over 3
billion dry tons of organic wastes penerated annually in the USA. Pulp and paper products, foed and kindred
products and animal manures constituted over 90% of this total. A vast majority of these organc wasies e
disposed in landfilis, lagoons. and surface impoundments, Regulations arc either minimal or non-cxistent!
Tragically, these organic wastes, as currently disposed, create immense guantities of CU:, methane, and nitrous
oxide emissions, which are the primary causes of global warming and ozone depletion, as weli as other sacial
problems as so well documented recently by CBS (60 Minutes - “Pork Power”), Moreover, these disposal facilies
generate large amounts of soluble sclutions with high BOD levels that overflow and lcach inlo America’s
proundwater, waterways and wetlands, greatly increasing non-point source water pelivtion.

We estimate that the total gases generated from the Jargest organic disposal facilifies annually excecd fifteen
trillion cubic feet. which (s equivalent to the gases generated by two hundred millian cars.
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MINERAL BY-PRODUCTS

Taoday, over 200,000,000 tons of botler ash, fluidized bed ash, resource to energy ash. scrubber ash. lunc kiln dust,
cement kiln dust, and wood ash are generated and wasted anpually. This is tragic! These materials have
tremendous soil fertiluy value. They offer the very best way to pastcurize, stabilize, and immobilize organics so
that organics can be effectively utlized te reduce chemical dependency, increasc soil fertility and greatly
improve soil and water quality. The importance of minerals in soils is well undersiood, The N-Vire process
utilizes these by-products for pH elevation, exothermic heat, and drying. The N-Viro process is patented and N-
Viro will defend its intellectual property.

UNLIMITED WORLD-WIDE OPPORTUNITY
The chalienge is clear. Now let’s emphasize the opportunities.

1. Aclassic example of what can be accomplished involves the sugar industry in the Pacific and Taiwan Sugar
company, Last year while visiting Hawaii, | leamed that Taiwan Sugar was dominating sugar sales in the
Pacific to such extent that most sugar plantatigns in Hawaii were shutting downr  While some blamed low
labor rates in Taiwan, I questiened this position as Taiwan has a reasenably good standard of living. 1 visited
Taiwan to scck the truth. Taiwan Sugar maintaing a herd of over 500,000 hogs. They compost the hog
manure and use the compost almost exclusively as their source of both fertilizer and pesticide, thus
greatly reducing their chemical input costs. Morcover, the stabilization of composting allowed Taiwan
Sugar to use the manure without damaging either their precious surface or ground water resources. This
compaty is on the ball. Believe e, our challenge for economic leadership in the 21st Century 15 coming
from the Pacific. Science and technology are our best ways of staying coinpetitive, but we too had better be on
the ball. Science and technolegy, not political clout, must determine America’s future agricultural,
environmental, and economic policies and programs, ¢r we can simply hand over worid leadership to
the Pacific Rim.

2. Inorder for organic and mineral wastes to be utilized so as to not pollute either the water, the land, or the air,
two requirements are absolutely necessary.

a.  Sound seil uufrient management practices, including seasonal application, ne ull, zoning, crop
rotation, ¢tc., must be developed and implemented.

b.  Technologies, such as compost and N-Viro Soil™, that immobilize and stabilize organics and
nutrients so that they provide “slow release” seil fertility through controlled mineralization, must
be recogpized and implemented. In seeking solutions it is important to remember the words of
Pope John Paul I[E: “We are involved in a quest along with our fellow men ... let us avoid
moralizing or suggesting that we have a monopoly on the truth.” Indeed, we welcome and
engourage the development of altemative concepts or techuologies that ensusc results comparable 10
compest or N-Viro Soil™ and their ability to increase soil fostility while concurrently improving soil
and water quality.

3. Technology transfer must be an essential component of that magnificent visionary bridge o the 21st
Century. That bridge must be wide enough to allow the environmental, agricultural and public communitics
o work together to do whut iy right. Political courage and leadership, together with scientific truth, are
the absolutely vital components of that bridge structure.

N-VIRO SOI1L™

The Housc Agricultural Appropriations Sub-Committee. under the leadership of Chairman foe Skeen and Minority
Leader Marcy Kaptur, has appropriated $900,000.00 to the U.S. Departimen: of Agriculwre to provide demonstrabon
funds to the Rodale lustitute, the Compost Council, and N-Viro International Caorporation. The demonstration
project is showing the ability of compost and N-Viro Soil™ technologies to utihize manure and bio-salids in such a
tnanner as to provide both sustainable soil fertility and reduced non-point svurce water poliution. The two
processes, i.¢. contpost and N-Viro Soil™. stabilize and immobilize nuttients and orgamics so that they are only
available through the “slow release” mechanism of mineralization. Moreover, they help veduce the leaching of
chemical fertilizers, thus increasing their efficiency and they reduce the need for chemical pesticides.
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Compuost is an established biological technology, N-Viro Soil™ is a new process with an established reference base
and siguificant public recognition, that combines biological, chemical, and physical processes to pasteurize organic
wastes, and convert to a stable, storable product that is capable of providing “slow rclease” soil fertility through
unmobilization and mineralization,

N-Viro [nternational Corporation’s patented N-Vire Soil™ and L-B Soil processes combine organic by-products
with mineral by-products. The resultant products, which result from chemical, physical, and biological processes,
are disinfected (N-Viro Soil achieves true pasteurization including total destruction of Cryptosporidium parasites),
stabilized (immediate and long terin odor suppression), and immobilized (nutrients, organics and metals remain
insoluble and air cmissions are greatly reduced).

Both N-Viro Soil and L-B Soil provide significant mineral benefits to the soil. Calcium and other erutically need
soil minerals such as salt, copper, selenium, magnesium and boron are readily available in N-Viro products. It is
well recognized that agricultural soil mineral deficiencies are a major factor in human dictary problems and
sustainable soil fertility concems. N-Viro provides an aggressive answer 10 these concerns.,

TIME FOR NATIONAL LEADERSHIP

A sustainable national program of technology transfer is absolutely vital if such technalogies are geing to
be understood, accepted, and utilized.

The issue of air pollution caused by anmimal manures is clearly an EPA responsibility.  However, beyond air
pollution, we urge the Administration to encourage USDA to accept responsibility and authority for umproved
manure management and safety. Incentives, guidelines and standards, not regulations, are nceded. No one is more
concerned about farm-generated diseases and water pollution than the American farmer. Moreover, we have
been most impressed by the concem and leadership at the American Farm Bureau and the Pork Producer’s Council
on this issue. USDA has the people, the technology, the credibility, and the trust of the Amencan fanner tv solve
this problem and to convect these organic resources into safe sustainable soi] fertility products.  All they need now
is direction.

The problems raised in this talk of public health, huge unregulated air emissions and non-point source water
pollution are no more critical than the need tor long-term sustainable soil fertility. The use of composi and bie-
mineral technologies can create an uniimited worldwide opportunity to safely use animal and other organic by-
products to provide tertility. The technology now exists 1o do the job and do it right.  What is desperately needed
is technology transfer and leadership from Washington. I urge the Administration to:

L. Give USDA full authority to manage animal manure with assistance from USEPA on risk analysis.

2. Either eliminate the placement of unstabilized organics in landfilis, lagoons, surface impoundments ot require
gas collection systems.

3. Create an environmental technology wansfer vehicle similar to the Trausportation Research Board to ensure
Federal - State, public - private, environmental - agricultural educational transfer. Set up Steering Committee:
White House, USDA, USEPA, Water Environment Federation, American Farm Bureau.

As stated so well in “Earth in the Balance”, leadership is the key. If leadership does not come from the tnited
States, where will it come from ?

Finally, 1 use the words of Scnator Robert Kennedy, taken from George Bernard Shaw: “Some people see things
as they are and ask why. 1 dream of things that have never been and ask why not?”
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SIMULATION MODEL FOR OPEN-CHANNEL FLOW AND TRANSPORT
by
Raymond W. Schaffranek, Hydrologist, U.S. Geological Survey, Reston, VA

Abstract: A flow-simulation model, formulated using an extended form of the one-dimen-
sional de Saint Venant equations of unsteady open-channel flow, has been augmented to
include solution of the advection-dispersion transport equation. The weighted, four-point
implicit, finite-difference approximation of the unsteady-flow equations permits solutions
at large time steps. The model is fully capable of simulating unsteady flow throughout
a network of open channels connected in a dendritic or looped pattern. The flow model
accommodates dynamic tributary flows and controlled diversions as well as lateral inflows
and overbank storage. A mixed Eulerian/Lagrangian approach is used to solve the one-
dimensional advection-dispersion equation for coupled simulation of solute transport. The
transport solution technique avoids numerical dispersion associated with conventional finite-
difference methods for advection-dominated problems. The technique is free of Courant
number restrictions and cen be applied using large time steps consistent with the flow-model
discretization, Coupled solution of the unsteady flow and transport equations circumvents
interpolation errors inherent in de-coupled simulation approaches and enables concurrent
treatment of longitudinal pressure differentials due to variable density gradients.

INTRODUCTION

A Lagrangian particle-tracking scheme, previously developed and incorporated in the branch-
network dynamic flow model, BRANCH, (Schaffranek et al. 1981, Schaffranek 1987a) per-
mits examination of the retention times of parcels of water in open-channel networks. This
particle-tracking scheme was first demonstrated in application to the tidal Potomac River
(Schaffranek 1987b). The model was used to investigate the flushing capacity and retention
properties of the tidal-river system for purposes of analyzing factors contributing to the de-
velopment of algal blocms and the fate of phytoplankton. Retention times were found to
vary considerably in response to changes in freshwater inflows, tidal dynamics, and meteo-
rological conditions. Use of the model made it possible to identify local flow patterns under
various combir.ations of boundary conditions and ta investigate the role of tidal trapping in
the fate of phytoplankton. Retention times in the main Potomac River channel were found
to vary from weeks to months for moderate to low inflows, but to be of only several days
duration for high inflows produced by upstream storm events.

In the effort described herein, the Lagrangian particle-tracking scheme of the dynamic flow
model has been extended to include full sclution of the transport equation by incorporating
treatment of the physical process of dispersion. This direct coupling of the unsteady-flow
and transport solutions eliminates the errors of numerical dispersion inherently introduced
in de-coupled approaches wherein flow velocities must be interpolated to comply with the
grid-point requirements of the transport scheme. Moreover, a coupled flow/transport sim-
ulation approach is required in situations where the fluid density varies longitudinally—
as typically encountered in tidal-influenced, sediment-laden, or thermally-varying riverine
flows—necessitating treatment of pressure differentiale in the unsteady-flow equations.
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In this paper, the BRANCH model] of the tidal Potomac River network (Schaffranek 1987b) is
used to demonstrate the coupled flow/transport simulation capability of the generic model. A
previous numerical simulation, based an tracking parcels of water representing a conservative,
non-dispersive constituent {Schaffranek 1987b), is repeated and revised to illustrate the
capabilities of the model in simulating the combined effects of advection and dispersion on
solute transport. Numerical simulations, conducted at varied Peclet numbers, illustrate the
stability of the method when advection is the dominant process and the controlled response
of the method for representation of physical dispersion without the introduction of numerical
artifacts.

UNSTEADY FLOW EQUATIONS

Unsteady flow in open channels is governed principally by dynamic equilibrium of momentum
changes due to inertial and convective accelerations, differential pressure forces, and gravita-
tional and shear-stress effects of the bed and friction slopes. A variety of differential-equation
sets can be derived for depicting unsteady open-channel flow (Lai 1986). The equation set
employed in this model uses flow discharge, 0, and water-surface elevation above a horizon-
tal datum (stage), Z, as the pair of dependent variables and longitudinal distance along the
channel, z, and time, ¢, as the two independent variables:

a0z 0Q
Ba A To g=0, (1)
0 2 0Z /
0 2 (6% ) + 94%E + 945, — - BV cosa =0 2)

In derivation of these equations, a local Cartesian coordinate system was used in which z,
y, and z are the streamwise, transverse, and vertical axes, respectively, and the flow dis-
charge is normal to the y-2 plane in the positive z direction. Assumptions used in their
formulation are that the water is of homogeneous density, the vertical pressure gradient is
hydrostatic, and the channel bottom is rigid—or relatively stable and fixed with respect to
time—with a mild uniform slope. (The longitudinal pressure gradient term is not included
in the equation set for this analysis.) Other symbols in the above equations, B, ¢, 4, A, g,
Sy, o', €, and V,,, represent the channel top width, lateral inflow per unit length of chan-
nel, the Boussinesq momentum-correction coefficient, the cross-sectional area, gravitational
acceleration, the friction slope, the z-component of lateral-inflow velocity, the wind-stress
coefficient, and the wind velocity (occurring at an angle o to the longitudinal axis of the
channel), respectively. The momentum coefficient, 3, defined as [u?dA/U?A, in which u
is the velocity of water flowing through some finite elemental area dA and U is the mean
flow velocity in the cross-sectional area A, is used to adjust for any nonuniform velocity
distribution in the channel cross section. A Manning formulation of the friction-slope term
is used in which S; takes the form (n/A)?Q | Q| /A?R*?® wherein A = 1.0 for metric or
1.486 for foot-pound units, R is hydraulic radius, and the symbol 7 is used in place of the
Manning n to indicate that the coefficient is being used to represent frictional resistance
under unsteady-flow conditions. The dimensionless wind-stress coefficient, £, is a function
of the water-surface drag coefficient, Cy, the water density, p, and atmospheric density, pq,
expressed as Cy{pa/p).
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Four-Point Implicit Solution: The BRANCH model (Schaffranek et al. 1981. Schafftanek
1987a) uses a four-point, implicit, finite-diference approximation of the unsteady-flow eqia-
tions (1)and (2). In the four-point, Preissmann (1961) or box scheme, spatial derivatives
are centered in space and weighted in time according to a weighting factor . The finite-
difference approximation of the spatial derivatives can vary from box-centered (€ == 0.5)
to fully forward (6 = 1), which is the range for which its stability has been proven. See,
for example, Fread (1974) for stability analysis using a linear wave approximation with a
linearized form of the friction-slope term, and Samuels and Skeels (1990) for Fourier atabil-
ity analysis of the linearized numerical equations including the general form of the friction
term. To avoid computational-mode oscillations, a practical lower limit for 6 appears to be
0.6 (Schaffranek et al. 1981), Time derivatives are centered in space; geometnc properties
and functional quantities are centered in space and time weighted according to €. After the
flow equations are coupled recursively to eliminate internal nodes, the matrix of fluw and
boundary-condition equations is solved in iterative fashion by Gaussian elimination using
maximum pivot strategy.

TRANSPORT SIMULATION COMPONENT

The model solves the one-dimensional, advection-dispersion, transport equation deseribing
the concentration of a sclute as a function of time and distance, i.e.,

ocC oc  9'C

— U - D—

ot O Ox?
in which C'(z, t) is the cross-sectional average concentration of a solute at lucation x along the
longitudinal axis of channel at time ¢, U is the mean cross-sectional flow velocity ((J/A), and
D, is the longitudinal dispersion coefficient. Solution of the transport equation is directly
coupled to the unsteady-flow model.

=0 )

Transport Solution: The unknown flow conditions (Q(xz,t) and A(z,t) are provided di-
rectly by solution of the unsteady-flow equations (1)and (2); however, the transport equa-
tion {3) is not solved entirely by a Eulerian finite-difference technique. Instead, a rnixed
Eulerian /Lagrangian approach is used in which the advection and dispersion processes are
treated separately and distinctly. The more difficult advection process (Ug] is resolved by
tracking particles repLesentlng; parcels of water in a Lagrangian reference fmme whereas the
dispersion process (D, 2 = ‘) is solved in a Eulerian framework by a finite-difference technique.
A cubic spline is employed to interpolate the concentration profile of acvected particles. An
explicit, space-centered finite-difference scheme is used to represent the dispersion process.
This solution approach avoids the well-known difficulties associated with numerical dispe:-
sion in advection-dominated systems introduced by pure Eulerian finite-difference solution
methods. {See, for example, Gray and Pinder (1976).)

The cubic spline interpolant for the concentration profile is based on the method developed by
Alima {1978). This spline interpolation technique has the desirable feature of minimizing the
development of oscillations manifested as over- and under-shoot in the interpolated function.
The Akima spline attempts to preserve the shape of the concentration profile as reflected by
the data. The behavior of the Akima spline method is compared with a natural cubic spline
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(de Boor 1978) interpolation of the same function, potentially representative of a temporal
or spatial constituent concentration profile, in Fig. 1. Endpoint conditions are automatically
determined by the Akima method, whereas values of zero are specified for second derivatives
at the endpoints for the natural spline. The extraneous inflection points of the natural cubic
spline (Fig. la)}, yielding over- and under-shoot in the interpclated function, are clearly
illustrated in contrast to the smoother interpolant produced by the Akima spline method
(Fig. 1b). Moreover, the Akima spline reduces the potential for the generation of negative
concentrations as is evidenced in the interpolation produced by the natural spline (Fig.
la). These attributes of the Akima spline interpolation method contribute to improved
conservation properties for the transport-solution technique.
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FIG. 1. Natural (a) and Akima (b) spline interpolants of hypothetical concen-
tration profile.

THE TIDAL POTOMAC RIVER

The tidal-river segment of the Potomac River extends downstream from the head-of-tide,
near Chain Bridge in the northwest quadrant of the District of Columbia, to Indian Head,
Maryland, a distance of nearly 530 km. The cross-sectional area of the tidal river expands
more than fortyfold between Chain Bridge and Indian Head, increasing from 232 to 9,960
m?. The corresponding width increases from 44 to 1,950 m. Although the channel bottom
is somewhat irregular depths, in general, range from about 9 m at Chain Bridge to 12 m at
Indian Head. Several tributaries and tidal inlets, in which depths are typically 3 m or less,
adjoin the main channel to form the tidal-river netwark.

Model Implementation: The model of the tidal Potomac River system was originally
developed (Schaffranek 1987b) in order to study the flow dynamics of the network of channels.
The model implementation ronsists of 25 branches joining or terminating at 25 nodes. A
total of 66 cross sections, at intervals ranging from 0.7 to 4.8 km, are used to depict the
irregular geometry of the tidal river and its tributaries and tidal inlefs.
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Boundary conditions used to conduct numerical stimulations include zero discharges at the
ends of tributaries and inlets, tide elevations recorded at Indian Head, and freshwater inflows
derived from a rated gaging station near the head-of-tide. Freshwater inflows at the head-
of-tide average 323 m® /s, but have ranged from 3 to 13,700 m*/s. Tidal amplitude at Indian
Head is about 35 cm, but wind eflects can significantly dampen tidal propagation. Wind
speed and direction data collected at Indian Head are used to evaluate wind-forcing effects.
Flow simulations are conducted using a 15-minute time step, which yields a Courant number
Cr &~ 6. The model was calibrated and verified using five sets of tidal-cycle flow discharges
measured at three different locations within the tidal-river system. Measured and model-
computed flood and ebb flow volumes agree within 10 percent (Schaffranek 1987b).

Numerical Simulation Results: Flow data from the Potomac River, for the 30-day period
beginning August 15 and ending September 13, 1981, are used to demonstrate the coupled
flow and transport simulation capabilities of the model. These data are of particular interest
due to the extremely low freshwater inflows that prevsiled during the period. Inflows were
less than the 5-year (1979-1983) average and less than 100 m?*/s, except for the last six days
of the period. Ebb and flood tidal cycle discharges at Indian Head, as computed by the flow
model, ranged from approximately 4,400 to 4,700 m?/s.

Particle Tracking: The transport of a conservative-type substance by advective processes
alone is illustrated by the simulation results presented in Fig. 2. These results were obtained
by tracking index particles representing parcels of water. In the simulation, nine index
particles—potentially representing the location of a conservative, neutrally buoyant, passive
solute or suspended particulate matter—were tracked through the main channel of the tidal
river. The paths of travel of these particles are shown in the central graph of the figure. The
vertical axis of the time-of-travel graph represents the main tidal Potomac River channel
between Chain Bridge and Indian Head. The upper hydrograph in the figure shows the
freshwater inflow recorded near Chain Bridge and lower hydrograph presents the tidal water-
surface elevations simultaneously recorded at Indian Head. Together these hydrographs
constitute the instantanecus boundary conditions used to solve the unsteady-flow equations.

The simulation results plotted in Fig. 2 demonstrate the combined effects of freshwater
inflows and tidal forcing on the displacement of index particles and give indications of the
retention properties and flushing characteristics of the tidal-river system. Throughout the
period, the movement of index particles is variously influenced by the predominately semi-
diurnal tides at Indian Head as they cycle through spring-neap variaticns and changing
freshwater inflows at the head-of-tide. Near the end of the period, increased freshwater
inflows, declining tidal elevations, and a significant wind event act to produce a pronounced
downstream particle displacement. As is evident from the particle tracks, there is a tendency
throughout the period for all particles to move closer to one another as they are advected
along the channel. This variability in particle displacement can be attributed to the dynamic
flow conditions and, in patticular, to the magnitude and resultant dominance of the net
tidal influx into the system as compared with the magnitude of freshwater inflows. This
tidal dominance yields extended periods of little or no net downstream, and occasionally
upstream, displacement of particles, which contributes to a diminished flushing capacity.
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FIG. 2. Track of injected particles due te pure advection in the Potomac River
for August 15 through September 13, 1981.

Constituent Transport: The transport of a conservative, non-reactive constituent along
the tidal Potomac River, under the influences of both advection and longitudinal dispersion,
is illustrated in Fig. 3. The results of four transport simulations are presented in Fig. 3b
for the initial, hypothetical, constituent concentration profile presented in Fig. 3a. The
transport simulation is for the same conditions as used to generate the particle-tracking
results presented in Fig. 2. Distances on the horizontal axis of the figure are referenced to
Chain Bridge. The four concentration profiles of a transported constituent, illustrated in Fig.
b, present simulation results midway through the 30-day period at midright on August 29.
Values of 0, 1, 5, and 10 m?/s were assigned to the dispersion coefficient, D,. These coefficient
values represent pure advection, D, = 0, and mixed advection-dispersion conditions, D, ~
1,5,10, identified by Peclet numbers, F. = %, of 20. 4, and 2, respectively, for the mean
Alow velocity and 800 m grid-point spacing, Az, of particles.
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FIG. 3. Initial constituent concentration (a) and transported concentrations
after 15 days (b) for varied longitudinal dispersion coefficients, D, = 0,1, 5, 10.

As Fig. 3 illustrates, the transport solution of the model yields stability in all four numerical
simulations. In particular, no instabilities are visible and no numerical dispersion is evident
in the simulation results in which pure advection is considered. The simulations, in which
dispersive transport is also evaluated, i.e., D; = 1,5, 10 m?/s, illustrate that the attendant
spreading of the concentration profiles can contribute to a lengthening of the retention time
for a constituent within the system. Thus, the compression of the concentration profile as
demonstrated in the pure advection results of the particle-tracking simulation will be di-
minished, and potentially overwhelmed, by the process of physical dispersion with resultant
consequences on the evaluation of transport of a constituent through the system. By full
consideration of advection and dispersion transport processes such as this, a more compre-
hensive analysis of the flushing capacity and retention properties of the tidal-river network
can be conducted. Thie will lead to more definitive evaluations of the fate and resultant
effects of constituents, potentially introduced or naturally occurring, within the system.

SUMMARY AND CONCLUSIONS

The branch-network dynamic flow model, BRANCH, has been extended to include cou-
pled solution of the advection-dispersion equation for simulating solute transport within
an open-channel system. The mixed Eulerian/Lagrangian, transport simulation approach
yields stable solutions that are free of numerical dispersion introduced in pure Eulerian
methods. Simulations, using the previously calibrated model as implemented for the tidal
Potomac River, demonstrate the capabilities of the flow/transport model in evaluating con-
stituent transport in a network of open channels. This transport simulation capability can be
used to investigate the fate of constituents, such as pollutants or contaminants, potentially
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introduced into an open-channel network. Coupled solution of the unsteady-flow and solute-
transport equations permits evaluation and consideration of density effects on the flow and
eliminates interpolation errors inherent in de-coupled flow/transport simulation approaches.
The simulation model also can be used to investigate the retention time and flushing prop-
erties of coastal netwark systems composed of interconnected channels that are variously
influenced by freshwater inflows, tidal forces, and the stochastic effects of weather fronts.
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ABSTRACT

The Chesapeake Bay Program (CBP) is a cooperative effort between state and local agencies to improve
water quality in the Bay. One of the early findings is the expansion of anoxia in the Bay due to increasing
eutrophication. In 1987 the goal of reducing by 40% nutrient loads to the Bay by the year 2000 was
established. To track the achisvement of this goal, and to examine ways to maintain a cap on nutrient
loads beyond the year 2000, the Bay Program has developed linked models of the airshed, watershed, and
estuary, The airshed model determines the percentage change in atmospheric loads to the watershed and
estuary under different management strategies. The Chesapeake Bay Watershed Model is designed to
simulate nutrient loads delivered to the estuary under different land- and air-based management scenarios.
The Estuarine Model receives input from both modeis to determine the effects on water quality of varying
nutrient inputs. Using the findings of earlier versions of these modeis, the Chesapeake Bay Program
determined a nutrient cap that was feasible and would result in improved water quality in the Bay. The
current airshed and watershed models are used to evaluate the effectiveness of various management
practices in reaching the nutrient cap.

INTRODUCTION

The Chesapeake Bay is the largest estuary in the United States and one of the most productive in the
world. The Bay has the highest watershed area per volume of water of any estuary in the United
States. Shortly after the turn of the century, the Bay began a gradual decline in productivity. In the
1970s, the United States Congress directed the EPA to study the problem and develop solutions. The
research phase completed in 1983 found that the decline in water quality was due to eutrophication
brought on by excess nutrients entering the estuary from the watershed. In 1984 the Chesapeake Bay
Program Office was established to coordinate the efforts of the individual states and federal agencies.
[n 1987, an agreement was signed with the intent of reducing “controllable™ nutrients entering the
Bay by 40% by the year 2000. In 1992 the Chesapeake Bay Program models were used to defined
the controllable portion and established specific reduction goals.

The Chesapeake Bay watershed drains the waters (and nutrient loads) of six mid-Atlantic States from
New York to Virginia plus the District of Columbia. The states of Pennsylvania, Maryland, and
Virginia, the District of Columbia, and the Federal Government are partners in the Chesapeake Bay
Agreement, The Agreement calls for a nutrient cap of 104.4 million kilograms of nitrogen (as N) and
7.00 million kilograms of phosphorus (as P) delivered to tidal waters during an average hydrology
year. Average hydrology has been defined as the average of 1984 through 1987.
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THE AIRSHED MODEL

The airshed model, known as the Regional Acid Deposition Model or RADM, is developed and
applied by the National Exposure Research Laboratory in Research Triangle Park, NC. RADM is
a three dimensional model which tracks nutrient emissions across the eastern United States. There
are two RADM grids meeting various resolution needs. The large grid, covering the entire RADM
domain contains 20,000 square cells of 6400 square kilometers each. Nested in the large grid, a fine
grid of 60,000 cells, each covering 400 square kilometers, covers the mid-Atlantic region and
Chesapeake Bay watershed. Vertically, the model domain is 15 cells high, reaching from ground level
to the top of the free troposphere. The depth of the cells increases with altitude. A finding of the
RADM model is that the Chesapeake Bay airshed, defined as the area accounting for 75% of the
deposition in the watershed, is approximately 5.5 times the size of the watershed.

Airshed Mode] Scenarios: RADM is used for put o —
data in scenarios associated with reductions in ~ Table 1: Nitrogen Deposition under
atmospheric deposition. The Reference Scenario Varying Management Schemes
(1985) deposition uses National Atmospheric %‘E‘“ Millions of Kg per Y ear

Deposition Program observed data. All other ::];nm lg:

scenarios of atmospheric deposition management | imic of Technology 128

use RADM derived reductions of the base load

applied to each Watershed Model segment,  Sources: Chesapeake Bay Program Phase IV water-
RADM has supplied the Chesapeake Bay Program shed model and Regional Acid Deposition Model
with reductions in wet and dry deposition for the  — ——
Limit of Technology and Clean Air Act scenarios

{see Table 1).

THE WATERSHED MODEL

Code: The watershed model is an application of Hydrological Simulation Program - FORTRAN
(HSPF). HSPF is a modular set of computer codes that simulates hydrology, nutrient, and sediment
export from pervious and impervious land uses, and the transport of these loads in rivers and
reservoirs. Versions of HSPF have been publicly available since 1980, and it is supported by the
Environmental Protection Agency (ORD in Athens, Georgia). Applications of HSPF have included
flood assessment, drainage design, nonpoint source nutrient evaluation, pesticide risk assessment,
water resource planning, and water quality management. HSPF Release 11.1 was used for this
application.

Model Segmentation: The Chesapeake watershed was divided into 86 model segments, each with
an average area of 190,000 hectares. Segmentation, based on three tiers of criteria, partitioned the
basin into regions of similar characteristics. The first criterion was segmentation of similar geographic
and topographic areas. These were further delineated in terms of soil type, soil moisture holding
capacity, infiltration rates, and uniformity of slope. The second criterion invoived finer segmentation
based on spatial patterns of rainfall. These criteria ensured that bankful channel travel time of each
segment was about 24-72 hours (Hartigan, 1983). The third criteria was used to further delineate
segments based on ease of simulation or calibration. Model segments that contained a reservoir were
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separated into portions draining directly to the reservoir and portions draining into an upstream or
downstream free-flowing river. This allowed more accurate reservoir simulation. Model segments
were also created to take advantage of observed data locations, such that a model segment outlet was
as close as possible to a particular station.

Hydrology Simulation: Data from a total of 178 precipitation stations were obtained from NOAA
for the states of New York, Pennsylvania, West Virginia, Maryland, Delaware, and Virginia. Of the
178 stations, 105 recorded data hourly and 73 recorded data daily. Eight calendar years, 1984
through 1991, were simulated. Daily station data were converted to hourly data based on the time
series data collected from the nearby hourly station which had a daily total closest to the daily data.
The average precipitation for each model segment was based on the spatial distribution of the
precipitation by the Thiessen polygon method. At least six precipitation stations were used for each
model segment. Meteorologic data were obtained from the records of seven primary NOAA stations:
Binghamton, NY (300687), Williamsport, PA (369728). Harrisburg, PA (363699), Elkins, WV
(462718), Dulles Airport, VA (448903), Roanoke, VA (447285), and Richmond, VA (447201).

Nonpoint Source Load Simulation: Nutrient loads from the following sources were simulated:
Forest, pasture, conventional-tilled cropland (conventionally tilled, fall plowed, and/or spring plowed
cropland), conservation-tilled cropland (tillage practices that result in a residue cover of at least 30%
at the time of planting), cropland in hay, animal waste areas (an average representation of manure
piles, feed lots, and loafing areas), atmospheric deposition to water surfaces, pervious urban land, and
impervious urban land.

Nutrient export loads from pervious land uses were simulated taking full advantage of the latest
capabilities of HSPF. Nutrient cycling was simulated in forest using recent research of forest
dynamics (Hunsaker, 1994). Cropland was simulated using a yield-based nutrient uptake algorithm
to facilitate the simulation of nutrient management applications.

Land Use Data: A consistent land use data base was compiled for the entire basin. The methodology
used provided particularly detailed information on agricultural lands. Principal sources were the U.S.
Census Bureau series, Census of Agriculture for 1982, 1987, and 1992 (Volume 1, Geographic Area
Series) published for each state. Tillage information on a county level was obtained for the
conventional and conservation cropland distribution (CTIC). State agricultural engineers provided
fertilizer and manure application rates and timing, crop rotations, and the timing of field operations.
Soil characteristics for nutrient interaction were obtained from the Soils-5 data base (USDA, 1984).
The USGS Land Use and Land Cover System (USGS LU/LC, Level IT) was used to differentiate the
urban land into five urban subcategories based on density. Other sources used to generate the 1990
land use data base were Soil Interpretations Records (SCS-SOI-5 data file)(1984), National
Resources Inventory (NRI)(1984), Forest Statistics for New York, (1980), Forest Statistics for
Pennsylvania, (1980), Forest Resources of West Virginia, (1978), and Virginia's Timber, (1978).

The 1990 land use data base was forecasted to 2020 and hindcasted to 1985 using the data sources
indicated above and a statistical procedure based on population change and county-wide agricultural
information.
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[ntormation on land slope and soil fines was provided by the National Resources Inventory (NRI)
data base. Information on hydrologic characteristics of soils, such a percolation and reserve capacity,
was obtained primarily from the SCS Soil Interpretation Records. Delivery of sediment from each
land use was calibrated to that of the data base. The model was adjusted so that the average of the
annual sediment loads from 1984-91 approached that of the NRI edge of field data, with a sediment
delivery factor of 0.15.

Atmospheric Deposition: Watershed model inputs of nutrient atmospheric deposition were developed
from the National Atmospheric Deposition Program (NADP) data base (NADP, 1982-1987). Annual
atmospheric loads of wet fall ammonia and nitrate were obtained directly from NADP. Atmospheric
loads of dry fall inorganic nitrogen were found using a segment-specific percentage of wet fall
inorganic nitrogen determined by an application of RADM. Atmospheric loads of inorganic
phosphate, organic phosphate and organic nitrogen were obtained from two state-operated
atmospheric stations in Maryland. Phosphorus and organic nitrogen atmospheric loads were
simulated as a load to the areas of water only in the model.

Point Source Inputs: Data for the eight-year record were obtained preferentially from the National
Pollution Discharge Elimination System (NPDES). If no state NPDES data were available, state and
year-specific default data were calculated for each missing parameter based on wastewater treatment
plant flow. Septic systems were also included as a type of point source input. Septic system data
were compiled using census figures and methodology suggested in Maizel and Muehlbach (1995).

Surface Water Diversions: The U.8. Geological Survey provided water diversion information. Only
consumptive water use was counted as a diversion.

Calibration and Verification: The period of 1984 through 1991 was used as the calibration time
period. This calibration was continually reviewed by a sub-committee of the Chesapeake Bay
Program that was organized to oversee the modeling work. This group consists of representatives
from the Chesapeake Bay Program signatory states and other interested parties as well as a specially-
designated Model Evaluation Group (MEG). The MEG contains recognized academic experts in the
environmental modeling fiekl. Verification was performed on the period 1992 through 1995, without
adjustment of the earlier calibration. The agreement with the observed data 1992-1995 was
compared with the agreement with the 1984-1991 data, with no significant decrease in accuracy.

Manpagement Scenarjos: All scenarios are run on the same hydrology so that only the affects of
management actions are recorded. The hydrology chosen was 1984 through 1987 to allow
comparison with earlier Chesapeake Bay Program modeling efforts. Several key scenarios were
completed in order to develop the basic inventory of loads under specific management conditions.
The following scenarios are completed and scenario operations are ongoing at the time of this writing.
Base Case Scenario: This scenario is the base case year 1985 loads to the Chesapeake Bay. It differs
from the calibration in that land use is set to 1985 values and point source loads are repeated at the
19835 level for each year of hydrology.

1996 Progress Scenario: This scenario describes the reductions made in nitrogen and phosphorus by
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the year 1996 due to management actions taken by the states. The sources of input are state and
federal Best Management Practice (BMP) implementation data.

Tributary Strategy / Year 2000 Progress Scenario: This scenario tests the plans that the states have
submitted toward making their nutrient reduction goals. This is the expected year 2000 load to the
Bay assuming representative hydrology and implementation of the state plans.

Limit of Technology Scenarios: Defined as the absolute limits of technology (LOT). These scenarios
set a minimum on the amount of nutrients entering the Chesapeake Bay given reasonable limits on
possible implementation. These scenarios include LOT air deposition and LOT point source
scenarios.

BMP Methodology: Best Management Practices (BMPs) were implemented differentially in the
watershed model depending on their type. Some nutrient reduction strategies were simply a land use
change, others involved reducing the nutrients applied to the land or water surface, while still others
depended on physical structures that reduced the eventual soil and/or nutrient loss.

Reductions in nutrient applications can be simulated directly within HSPF. Nutrient Management is
the practice of applying only the fertilizer necessary such that the total available nutrients, including
those from manure, mineralization, and atmospheric deposition meet the agronomic rate of the crops
grown in that segment. Reductions averaged 33% for nitrogen and 10% for phosphorus, with
variation depending on the type of crop grown, and amount of manure generated within the segment.
Atmospheric deposition is also simulated as an hourly addition of dry NO3 and a concentration in
rainwater of NO, and NH,. These can be reduced by an arbitrary amount or by a segment specific
percentage as determined by the Airshed Model.

A second type of BMP is a percentage reduction based on the BMP and land use. These percentage
reductions were applied in the simulation between the land use and their connection to the river
simulation or Bay Water Quality Model. The percentage reductions for each type of BMP and land
use are determined by a committee of Chesapeake Bay Program experts through literature values and
best professional judgement. A procedure was developed for land uses that had more than one type
of BMP applied that assumed that certain types of BMPs could not be applied to the same acre of
land. For example, a wet detention pond and a dry detention pond cannot be applied to the same acre
of urban land. A second procedure was developed for types of BMPs that can overlap. For example
a wet detention pond can service the same acre that is also receiving an urban nutrient management
BMP.

A BMP can also take the form of a change from one land use to another. These are simulated simply

by moving actes from one land use to another. For example, the addition of forest buffers includes
a land use change from cropland to forest.
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NUTRIENT LOADS

Nitrogen: Sources of delivered watershed
nitrogen loads can be divided into those derived
from forested, agricultural, and urban areas,
with a small loading coming from atmospheric
deposition directly to water surfaces.
Agriculture accounts for largest amount of loads
with 48.1% of the total in the 1985 reference
case (see Table 2). Urban loads accounted for
36.4% and forest contributed 14.3% with the
rest (1.2%) coming from atmospheric
deposition to water. Forest contribution was
relatively low even though it makes up 58% of
the Chesapeake Bay watershed. Included in
agricuftural figures are loads arising from
manure, fertilizer, and atmospheric deposition to
land. The urban category includes all industrial
and municipal point sources and septic loads.

In scenarios describing the state of the
watershed in 1996 and the projected state in the
year 2000, wurban and forest play more
significant roles while the influence of
agriculture decreases somewhat. Urban rises to
37.5% of the delivered nitrogen in 1996,
projected to 39.8% in 2000. Forest increased to
16.1% and 16.7% in 1996 and 2000
respectively.  Actual forest acreage, and
therefore loads, were reduced in the latter
scenarios, but the BMP implementation in the
other land uses caused the increase in forest

percentage.

In terms of nitrogen kilograms per hectare at the
edge-of-stream, urban is the highest loader with
an average of 52.6 kilograms per hectare in the
1985 reference scenario. This figure drops to

Table 2: Nitrogen Loadings

Percent of Edge-of-stream
Source loading to bay kg/ha
1985 Reference
Agriculture 48.1 18.3
Urban 36.4 52.6
Forest 14.3 34
Atmos Dep to Water 1.2 11.8
1696 Progress
Agriculture 452 15.6
Urban 375 443
Forest 16.] 34
Atmos Dep to Water 1.3 11.8
2000 Projection
Agriculture 422 13.4
Urban 398 382
Forest 16.7 34
Atmos Dep to Water 1.4 1.8

Source: Chesapeake Bay Program Watershod Model Phase IV

Table 3: Phosphorus Loadings

Percent of Edge-of-stream
Source loading to bay kg/ha
19835 Reference
Agriculture 50.0 1.45
Urban 454 5.08
Forest 39 0.06
Atmos Dep to Water 0.8 0.63
1996 Progress
Agriculture 58.1 1.24
Urban 35.5 2.62
Forest 5.2 0.06
Ammos Dep to Water 1.1 0.63
2000 Projection
Agriculture 55.8 1.09
Urban 3890 248
Forest 5.0 0.06
Atmos Dep to Water 1.2 0.63

Source: Chesapeake Bay Program Watershed Model Phase [V

44.3 kilograms per hectare in 1996 aNd 1S e ———————

projected to 38.2 in the year 2000 scenario.

This decline is due almost exclusively to improvements in point source loads, with septic loads
remaining approximately unchanged and nonpoint source loading rate declining slightly.
Improvements in agricultural practices have a similar effect on agricultural loads. In 1985 the average
acre of agriculture exported 18.3 kilograms of nitrogen which is projected to decline to 13.4 by the
year 2000. Forest loads are constant at 3.4 kilograms per hectare,
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Phosphorus: Phosphorus loadings mirrored those of nitrogen (see Table 3) with agricultural loads
being the largest source. With large reductions in point source phosphorus loadings, mostly due to
a phosphate detergent ban, the contribution of urban to total loads decreased dramatically between
1985 and 1996. The increased controls on agricultural phosphorus in recent years combined with
growth in urban areas has begun to reverse this trend, however. The phosphorus loading rates at the
edge-of-stream show the large early gains in phosphorus, with a slowing in latter years. Reductions
in agricultural phosphorus at the edge-of-stream are still continuing, with forests phosphorus
remaining the same.

Comparison of Scenarios: Graphs below show the delivered loads of five scenarios for six major
basins of the watershed. Large reductions have been made in phosphorus through 1996, but
progress in nitrogen has been more modest. Nitrogen reductions are expected to increase through
the year 2000 as the state agencies implement their plans. Further reductions in nitrogen are shown
to be possible through limiting point sources or atmospheric deposition. Point source dominated
basins such as the Potomac show the greatest potential for further reduction under the LOT point
source run, while nonpoint source dominated systems, such as the Susquehanna, can achieve larger
reductions through reductions in atmospheric deposition.

Nitrogen loads are correlated with flow. The Susquehanna, which supplies 50% of the fresh water

Total Nitrogsn Loads Dellversd to the Bay By Basin Under tha 1985 Tota) Pheaphorua Loads Dalivered to the Bay By Basin Undar the 1885
Reference, 1804 Progress, 2000 Progress, LOT Air and LOT Point Relerence, 1996 Prograss, 2000 Progress, LOT Alrand LOT Polnt
Source Scenarios Source Scenarios
n 36 |
8 5 :,: 3
il &
%0 g 2 @
s 'z ?’ :4|||’ ,7._|i'f
ol R 7 g 27
i‘ ;'qlif .II: z
i 20 0 ! 1 IR B A
f Al 2
i Iﬁf 1

to the Bay, makes up the largest portion of the nitrogen loading. The Potomac and James rivers,
respectively, make up the second and third largest flow and nitrogen inputs Phosphorus is more
fikely to be bound on sediment and transported only during large flows, the loadings to the bay are
driven more by the hydrology during the period studied. The Conowingo dam, near the mouth of the
Susquehanna River, traps & large portion of the phosphorus which enters its reservoir.

Phosphorus reductions to point sources have been made to a large extent throughout the watershed
but further gains will come with more difficulty.

1117



More information can be found on the Chesapeake Bay Program modeling homepage at
http://www.chesapeakebay.net/bayprogram/committ/mdsc/model. htm

CONCLUSION

The Chesapeake Bay Program Phase IV Watershed Model is a successful water quality
simulation which quantifies the nonpoint source and point source nutrient loads from all basin
sources. The model was essential in establishing a consistent method of accounting for the nutrient
loads, among all sources, and among the basin jurisdictions of the Bay Program. The Chesapeake
Bay Program has used the watershed model to examine the level of controls achievable from different
management practices. The combination of the watershed model with the airshed and estuarine
model provides a powerful tool to aid the Chesapeake Bay Program in meeting water guality
objectives and do so in a cost-effective and equitable manner.
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ABSTRACT

Serious recent flooding in the United States and Europe suggests a need for the re-evaluation of river management
practices and in particular, attention has focussed on the interaction between rivers and their floodplains. These
flood events have occurred during a period of increasing pressures on managers of river systems 1o meet new waler
quality standards {for example, TMDLs), fisheries enhancement, aesthetic and recreational needs as welt as the more
traditional objectives of flood ‘control’, power generation, navigation and water supply. In order to balance these
diverse needs and uses, a comprehensive analysis approach is required which establishes the linkages between
management actions and the watershed - or integrated watershed management. Implementation of integrated
watershed management requires an understanding of the complex interactions between land use, water quality,
flooding, sediment transport, geomorphology, ecology, economics and social issues. Application of an integrated
hydrologte modeling approach to settings as diverse as second-order semi-arid rangeland watersheds and sixth order
coastal river reaches is demonstrated, The connectivity of different river systems between different reaches, and the
role of floodplains even in lower-order systems, are critical components of watershed processes influencing flood
propagation, ecological characteristics and water quality buffering.

INTRODUCTION

Public awareness of the role of rivers in regional ecological systems, and concera for preserving, enhancing and
restoring riparian corridors, is increasing. This concern is felt in both major river systems like the Columbia River
and its tributaries, and in small headwater streams of western forests and rangelands. At the same time there are
increasing pressures on all sectors of river systems, from headwater snowfields to tidal estuaries, to satisfy muit.ple
objectives, e.g. flood control, power generation, recreation, navigation, fisheries. domestic and industrial water
supplies, wildlife habitat and irrigation. One consequence of these coinciding pressures and needs has been a re-
examination of traditional hydrelogic and hydraulic approaches in river management (e.g., Hynes, 1975; Dunn« and
Leopold, 1978; Havno and Goodwin; 1995).

Major floods in the US and Europe during the past five years have allowed an assessment of river management
strategies and prior river restoration prejects. Particular attention has focused on the interaction between the river
and its floodplain for flood hazard reduction, water quality, sediment distribution, and the overall functioning of the
ripanan ecosystem. Examples include the restoration of floodplains along the River Rhine (Dister et al., 1990),
consideration of floodplain restoration along the Mississippi River (Interagency Floodplain Management Review
Committee, 1994), the 'Living River Strategy’ (Napa River Community Coalition, 1996) and the Willamette River
floodplain restoration strategy (Philip Williams and Associates, Ltd., 1996). These projects are attempting to
provide a reduction in flood hazards through ecological restoration. There is extensive recent literature describing
these new management strategies (for exampie, Friends of the River, 1997) and a range of new analysis techniques

are emerging.

Management actions in flood control and structural flow regulation have more commonly focused on larger,
downstream river reaches. Natural resource managers are increasingly concerned with relatively small, low-order
stream systems and riparian environments located in the headwaters of river basins (e.g., Myers and Swanson,
1997). This paper describes initial efforts to apply a hydrologic modeling approach which was initially developed
for large rivers to a low-order rangeland stream, and contrasts some of the physical processes in the two different
types of systems.
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REYNOLDS CREEK EXPERIMENTAL WATERSHED, IDAHO

Reynolds Creek Experimental Watershed (RCEW) was established in 1960 as a ficld laboratory to address issues of
water supply, water quality, and rangeland hydrology in the semiarid rangelands of the interior Pacific Northwest
{Robins et al. 1965). The 234 km® watershed (Figure 1) is located in the Owyhee Mountains of southwestern Idaho.
Reynolds Creek is a third-order perennial stream that drains north to the Snake River. The basin ranges in elevation
from 1100 m (at the lowest gauged point) to 2250 m. Precipitation varies from about 23 cm at the northern lower
elevations, to over 100 cm in the higher regions at the southern and southwestern watershed boundaries. At these
upper elevations about 75 percent of annual precipitation occurs as snowfall, About 77% of the watershed is federal
or state fands, with the remainder under private ownership. The primary land use is Jivestock grazing, with some
irrigated fields along the creek at the lower elevations and limited timber harvest in high-elevation forests. The
Reynolds Creek basin and surrounding public lands are increasingly utilized for summer and winter outdoor
recreation by the growing population of the nearby Boise metropolitan area.

RCEW lies in an eroded structural
basin, with late Tertiary volcanic and

sedimentary rocks overlying
REYNOLDS CREEK Cretaceous granitic basement rocks.
. EXPERIMENTAL WATERSHED Soils range from shallow desertic

soils at lower elevations to relatively
deep organic soils in higher regions,
the latter typically occupied by forest
spectes.  The primary vegetation
cover types in RCEW are Wyoming
big sagebrush (Artemisia tridentata
subsp. wyomingensis), mountain big
sagebrush (Artemisia tridentata subsp.
vesyana); low sagebrush (Arremisia
arbuscuia), curleaf mountain
mahogany (Cercocarpus ledifolius),
bitterbrush  (Purshia  tridentata);
quaking aspen (Populus tremuloides)
woodland;  bluebunch  wheatgrass
(Pseudoroegneria  spicata)/Sandberg
bluegrass (Poa sandbergii); Idaho
fescue (Festuca idahoensis)
bluebunch wheatgrass; salt desert
shrub; alpine rangefand; subalpine fir
(Abies lasiocarpa); Douglas fir
(Pseudotsuga menziesii), and riparian
communities (Stephenson 1977).

¥ WEIRS
B WEIRS USED IN THIS §TUDY

Extensive hydrologic data have been
collected at RCEW since the early
1960's.  There has been strong
(WEST FEVNLDS] research emphasis on ¢limate (Hanson
e 13.7 km > 1989), seasonal snowpack
accumulation and hydrologic regime
(Wilcox et al, 1989), seasonally
frozen soils (Hanson and Flerchinger 1990; Seyfried et al. 1990), and on rangeland hydrology, soil erosion, and
stream sediment processes (Blackburn et al. 1990; Pierson et al. 1994; Slaughter et al. 1996). Detailed
meteorological measursments are collected at three sites on the watershed, representing low, middle, and high
elevation areas. Continuous precipitation data are collected at 16 sites in the basin; streamflow is presently
monitored at seven locations. Continuous records of historical streamflow and suspended sediment data are
available from 1963 (Outlet Weir) and 1366 (Tollgate Weir) to present.

Figure 1: Location Map of Reynolds Creek
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h f the Site

The main channel of Reynolds Creek was chosen to test rangeland application of selected hydraulic and hydrologic
models The chosen sector is between Tollgate Weir (elevation 1412 m}), above which the contributing drainage area
is 5444 ha, and Outlet Weir (elevation {108 m) which monitors streamflow from the entire RCEW (Figure 2). This
stream sector includes both confined reaches with bedrock control (e.g. immediately downstream from Tollgate
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A topographic survey contral network was established for the study sector, providing a precise basis for Jinking
subsequent channel geometry measurements. All control points were permanently monumented with concrete posts
to facilitate a long-term monitoring program. Channel cross-sectional profiles were surveyed in selected reaches of
this study sector. Each cross-section was tied directly to the control network, and left bank and right bank end
points were marked on the ground with steel stakes for future re-location. Each measured channel cross-section
extended across the immediate channel and sufficiently up-slope on either side define the flood channel and
immediate floodplain geometry, Left edge of water and right edge of water at time of survey, and points of marked
slope change, were specifically identified at each cross-section. Concurrent with cross-section surveying, the stream
thalweg was surveyed Digital photography was utilized to document current conditions at all 64 cross-sections
surveyed in this phase. .

INSTREAM HYDRAULIC CHARACTERISTICS

The mode! used to assess flood risk and mass transport may have a significant influence on the comparison of
different management approaches. Some of the physical processes simulated by the models are well understood
such as the attennation of a floodwave in a one-dimensional system (e.g., Cunge et al., 1980) and the variation of
roughness coefficients with stage (van Rijn, 1993). However, most of the research and model development has
focussed on one-dimensional models and floodplains are treated as offstream storages or are incorporated into the
conveyance of the main channel. The conveyance of the entire channel can be estimated as a single section with
weighted hydraulic characteristics or by the ‘method of slices’. In the method of offstream storage, there i1s no
dynamic connection between the floodplain and river, and only the conservation of mass component of the St.
Venant equations is considered (Cunge et al., 1980). In the method of slices, the channel cross-section is divided
into regions of similar roughness, velocity and depth. The total channel flow is estimated by summing the regions or
slices {Ackers, 1993). Recent findings from the Science and Engineering Research Council Flood Control Facility
(FCF) at HR Wallingford, UK. {Ackers, 1993; Greenhill and Sellin, 1993; Willetts and Hardwick, 1993) have
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shown that errors using these methods can be significant. For example, predictions of discharge can be in error by
48 much as the bankfull discharge in the main channel (or up to 35% of the tntal discharge) under extreme
circumstances.

Most research on the importance of floodplain function has concentrated on the lower reaches of large river systems.
For example, the importance of the floodplain w travel time of floodwaves is shown in Figure 3a for the mainstem
of the Willamette River, northwestera Oregon. The variation of the travel time is caused primarily by the flow
going overbank and inundating the floodplain, and by variation of roughness with river stage. Questions being
addressed in the present study include the role of floodplains in low-order tributaries and the influence of floodplain
interaction on sediment transport. The bed slope of Reynolds Creek (in RCEW) is relatively steep and the ratio of
the width of the floodplain to the bankfull channel width is much smaller than in higher-order reaches further
downstream. The variation of travej time with peak flow rate for selected flood events in RCEW in which tributary
inflows did not exhibit 2 major influence on the measured travel time is shown in Figure 3b, This preliminary

analysis indicates that the variation in travel time could be significant in large as well as small scale river systems.

Typical spatial resolution of a one-dimensional model (i.e.
spacing between cross-sections) might be 100m-1000m. - x ;
At this resolution the modeled flow in the channel is o e E -
supercritical, unless a very large lumped roughness : i { {
coefficient is vsed. The travel time of floodwaves and
channe! depths can be adjusted throuph this lumped
roughness coefficients which account for bedform
roughness, particle size roughness, channel form roughness
and vegefation roughness. The interaciions between flow
characteristics, channel morphology and sediment transport
characteristics are less well understood in steeper channels
in headwaters of watersheds than in sand bed low siope
rivers,

fivchnegn (1006 04y

Many researchers {e.g., Grant, 1997) have shown from
observations of conditions in natural rivers that
supercritical flows rarely exist except in local regions. : ; .
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A third problem associated with the direci application of a conventional model is relaled to sediment transport.
Using the lumped roughness coefficient to match hydrologic characteristics of the tloodwave propagation and
conventional sediment transport closure relations, such as a simple regression equation of sediment transport
nhservations or other formulations (van Rijn, 1993) results in over-estimation of sediment transport at Jow flows.
As an illustration, an estimate of the dominant discharge {(or channel fornung flow) for Reynolds Creek using the
methodology of Wolman and Miller {1964), or Leopold et al. (1964) is shown in Figure 4. This shows that the
estimate of the dominant discharge (or channe! forming flow) derived using a sedinent transport function using the
tumped approximation of roughness is approximately 1.8 m*/s. This calculation also assumes ihat sediment transpart
is not supply-limited. Preliminary results of a more detailed hydraulic simulation which considers sediment
transport in each local reach and accounts for channel micre-topography aiters the estimate of the dominant
discharge significantly (Figure 4}. In this latter case the total sediment transported during the period of record is an
order of magnitude less than the lumped estimate, and the channel-forming flow in the alluvial reaches of the
channel is estimated at approximately 2.8 m's.

Continving Research

Subsequent phases of
this study will extend
the model to the upper
headwaters reaches of
RCEW, and will include |
sediment transport and
water quality in the
model simufations. The
purpose will be to
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Figure 4: Dominant Discharge for Reynolds Creek Study Run

CONCLUSIONS

With an increasing emphasis on watershed analysis, it is often necessary to extend conventianal unsteady mass
transport and hydraulic computer models further into the upper reaches of watersheds either to understand local
conditions or to understand the consequences of management strategies to downstream reaches. These more holistic
approaches incorporate ecology, geomorphology. water quality, and land-use issues. The purpose of this study has
been to illustrate that a coarse representation of the physical processes may lead ta highly inaccurate predictions of
the timing of tributary hydrographs and sediment transport delivery to downstream reackes. This may be important
when assessing the impacts of different ianduse practices in headwater regions of watersheds.
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FARM AND RANCH: THE GPFARM DECISION SUPPORT SYSTEM
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Abstract: The increasingly recognized need for an integrated systems approach towards agricultural research and
management in the Great Plains dates back at least a decade or more. Sustainable agriculture has become a complex
problem that demands consideration of many interrelated factors, processes, and institutions. Across the Great Plains,
agriculture is challenged primarily by the availability of water and nitrogen. Central to meeting this challenge, the
Microsoft Windows™ 95-based Great Plains Framework for Agricultural Resource Management (GPFARM) decision
support system (DSS) was developed. GPFARM provides crop and livestock management support at the whole farm
and ranch level with emphasis on water, nutrient, and pesticide management. In addition, GPFARM has strong links to
economic and environmental analysis, site database generation, and site-specific management from which alternative
farm and ranch agricultural management strategies can be developed and tested,

INTRODUCTION

The USDA-ARS Great Plains Systems Research Unit, in a cellaborative effort with Colorado State University and
other ARS units, has developed the Great Plains Framework for Agricultural Resource Management (GPFARM)
decision support system (DSS). GPFARM is capable of analyzing both medium- and long-term whole farm and ranch
management plans, based on the predicted productivity of selected management options and associated environmental
and economic risks. GPFARM provides an operational framework for a whole farm and ranch DSS, and implements
an integrated systems approach concept to address the problems of agriculture in the Great Plains. Specific features of
the GPFARM DSS include:

1) The overall goal of GPFARM is to determine long-term effects of Great Plains current farming and ranching
practices on environmental and economic sustainability in terms that targeted users understand and are familiar
with. GFFARM combines site-specific databases and environmental modeling with economic analysis to
provide whole farm and ranch strategic planning. Specifically, management changes and impacts of fertilizer
and pesticide applications (including amendments such as manure and sewage sludge); soil productivity; wind
and water erosion; and cropping, tillage, and livestock systems are simulated.

2) GPFARM is targeted for use at the individual whole farm and ranch level by agricultural consuitants,
computer-oriented producers, Extension personnel, and the NRCS. It has been designed for hardware platforms
that are available to the majority of potential users, i.e., IBM compatible personal computers (PCs). GPFARM
runs in the Microsoft Windows 95™ operating environment and is being developed with Microsoft Visual C++
5.0™.

3) GPFARM consists of a graphical user interface (GUI), site-specific Microsoft Access™ databases (currently
populated for Eastern Colorado climatic conditions and cropping systems), and an object-oriented (OO) framework
encapsulating science (simulation) modules. Other stand-alone modules in GPFARM include economic analysis,
information system, and record-keeping modules. Much of the scientific technology used in GPFARM was
derived from existing decision support systems or ARS water quality computer models, and has required
modification or enhancement before inclusion in GPFARM. To develop suitable management plans, GPFFARM
allows analysis and comparison of multiple management scenarios to determine which one is the “best.” These
analyses may be performed on individual management units {(e.g., areas of similar soils or crop management} or
combinations of management units up through the whole farm and ranch hierarchy. The target run-time goal for
any given whole farm and ranch analysis is 30 minutes or less on a Pentium 90 PC. Initial setup of GPFFARM is
more time consuming, possibly on the order of many hours depending on the complexity of the farm/ranch,
number of cropping systems, number of management operations for each cropping system, etc.
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4) On-line documentation and help systems enable users unfamiliar with GPFARM to initialize and run GPFARM
end interpret the results, The level of detail is sufficient to identify initial conditions for critical model parameters
and to assign them reasonable preliminary values.

5) GPFARM is currently being tested on ARS farm cooperator sites in Eastern Coloredo. Both irrigated and non-
irrigated conditions are being tested. General experimental cropping systems include rotations containing dryland
corn, wheat, and millet crops (e.g., wheat-fallow and wheat-comn-fallow rotations), and irrigated com. In addition,
GPFARM is being tested on an integrated dryland cropping (wheat, millet, and com crops) and livestock
production operation. General delivery of GPFARM will not occur until the initial farm cooperator sites have heen
thoroughly tested and analyzed.

BACKGROUND

GPFARM is applicable to Great Plains areas east of the Rockies to the eastern borders of North Dakota, South Dakota,
Nebraska, Kansas, and Oklahoma, and from the southern portion of Manitoba and Saskatchewan, Canada to Northern
Texas. Sustainable agriculture in the Great Plains is a complex problem that demands consideration of many
interrelated factors, processes, and institutions. Across the Plains, agriculture is limited by the availability of water and
nitrogen. Using and supplementing these resources to enhance production without damaging the environment is a
major challenge. Past management practices and Federal programs have created special environmental, managerial,
economic, and political considerations that must be addressed. Producers must be able to adapt to fluctuations in
weather and commodity prices, react to trends in Federal and State legislation, and respond to perceptions by the urban
public. The ability to wisely modify farm and ranch management practices to take advantage of’

¢ the global economy;
* new cropping, pest management, and tillage systems; and
s new legislation

while protecting soil, air, and water resources will determine whether an agricultural enterprise system survives or
perishes.

The need for a systems approach and networking of scieatists for agricultural research and management in the Great
Plains dates back at least 10-15 years. The need was emphasized at a regional symposium “Sustainable Agricuiture for
the Great Plains” (Hanson et al. 1991) held in 1989 in Fort Collins, Colorado. Prior to the conference, 2 report titled
“Great Plains Agroecosystems Project” outlined the basic components and key institutions needed in & regional project
that would tie together research and development efforts across the Plains, Central to these efforts, a need was
identified to devslop 2 computer-based DSS for Great Plains agriculture. The system was to provide management
support at the whole farm and ranch level with emphasis on cropping systems, crop and livestock integration, water and
nutrient management, pest management, economics, environmental impacts, and risk analysis. It wes hypothesized that
the computer program would be most useful to agricultural consultants, computer-oriented producers, and action
agencies,

Furthermore, potential users wanted to make better use of research results in applying new technology to their areas of
interest. The reasons land managers could not use research data to solve current problems included:

» they could not locate the data or interpret the technical literature;

» they could not easily and reliably extrapolate data to specific sites or conditions;
» they found that key production components were not adequately researched; and
» they could not understand, synthesize, and implement solutions from the data.

Discussions with a number of producers in Eastern Colorado indicated that the inaccessibility of research data and the
difficuities in synthesizing the various recommendations were the primary obstacles to using research results, Our
observations supported the premise that many farmers and ranchers could improve the management of their production
systems if these obstacles could be removed through an integrated approach, such as the GFFARM DSS.

1-128



GPFARM DEVELOPMENT

System Overview: GPFARM includes a soil-crop-animal simulation model, an environmental risk assessment module
for evaluating pre-sclected management options, various databases, an economic budgeting and analysis program, a
record-keeping module, and an information delivery system for Great Plains agriculture. Figure 1 shows the user input
data and information flow between the soil-crop-animal, economic, and environmental modules. GPFARM has been
developed using object-oriented design, layout, and programming techniques (Booch, 1994) wherever feasible.

Figure 1. Modules within GPFARM,

Management options considered include integrated crop-livestock production, crop rotations, grazing, N fertilizer and
pesticide applications, irrigation, yield reduction due to weeds, animal pests, residue cover, tillage practices, and snow-
water conservation. Within the GUI, the user can select the climate, soils, crops, animal, equipment, prices (e.g.,
investments, equipment, and crops), and management parameters for the desired scenario. GPFARM databases include
soils, land use, equipment, crop varieties, chemicals, climate, and various pre-set management options. Climatic data
can cither be obtained from the GPFARM climate database, entered by the user, or estimated using a weather generator
for typical wet, average, and dry years, or any desired combination thereof.

Model parameters (e.g., cocfficients describing various processes, acceptable chemical levels in the environment, etc.)
are contained in a separate database that can be accessed by users through the GUI. Refinement and calibration of these
parameters will be the responsibility of area or local managers that have the required technical expertise. Every effort
will be made by the developers to supply customized sets of parameters that have application across sub-regions or
areas of the Great Plains. Currently this has been accomplished for Eastern Colorado conditions only.
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Svstem Components

Simulation Model: The GPFARM science module framework uses the Booch (1994) OO design approach for
identifying key places, players, and events in the whole farm system. The place (spatial hierarchy) where data
information is stored includes the following levels or spatial units: whole farm, sub-farm, field, and management
uait (MU). The MU, defincd by a unique soil, management, or land use, is the basic spatial unit used for daily and
event-based model simulation. Transient plavers on the MU’s (¢.g., animal herds), are simulated through the use of
management events. The management event controller inherits information from the highest level in the framework.
This control hierarchy allows events to be implemented by a calendar date, the firing of a system rule, or through
interaction with another MU. In essence, the science module framework is responsible for controlling the
simulation model] and connecting it to the whole farm and ranch spatial system.

The soil~crop-animal simulation model consists of modules for mathematically simulating the various biological,
physical, and chemical processes involved in crop-animal production systems; e.g, runoff, erosion, infiltration, ET, crop
growth, nutrient cycling and uptake, deep percolation, pesticide mansport, etc. Intra-farm transfers of resources (e.g,,
manure application, harvesting and feeding of forage) are allowed between MU's, Based on the selected management
options and data from the various databases, the simulation medel predicts crop and animal production, water use,
nutrient cycling and uptake, nutrient losses (runoff, sediment, and groundwater), erosion (water and wind), and
pesticide losses (runoff, sediment, and groundwater). These quantities are used for economic and environmental risk
analysis.

Nutrient cycling in GPFARM is simulated using science modules adapted from NLEAP (Shaffer et al., 1991) for soil-
incorporated residues, inorganic N, and soil organic matter (humus). This includes processes such as mineralization-
immobilization, nitrification, denitrification, and ammonia volatilization. A surface residue decomposition mode] was
developed that utilizes NLEAP base nutrient functions together with separate pool accounting procedures for standing
dead and flat lying residues, and mineral N on the soil surface. Standing dead crop residues are decaved as a function
of temperature and water content until they fall and become part of the flat lying pool where decay continues. A
separate decay function based on stem decay rates and tillage is used to estimate the fall rate of the standing dead.
Tillage incorporates all or a portion of the surface residues into the soil, and applications of water move surface NH4-N
and NO3-N into the soil, and/or produce surface runoff. Ammonium-N on the surface is also subject to volatilization,
nitrification, and immobilization; and surface NO3-N also may be denitrified or immobilized. Each introduction of
fresh dead residues on the surface is tracked separately during the decay process on the surface and after incorporation
into the soil. Dead roots are added directly into the soil-incorporated residue pools for decay.

The rangeland (animal) component of the GPFARM science model consists of modules for simulating forage and
beef cattle dynamics. The forage model simulates biomass production of five functional plant groups. These
include warm-season grasses, cool-season grasses, legumes, shrubs (browse), and forbs (weeds). Each forage group
is responsive to changes in soil moisture, plant-available nitrogen, and temperature. Live biomass accumulates at
rates specific to the forage group. After senescence, the biomass falls as litter to the soil surface, Roots are
produced in proportion to the amount of above-ground biomass and are exponentially distributed through the soil
profile. Herd dynamics and animai growth are simulated by the livestock module. The herd consists of mature
cows, pregnant cows, heifers, female calves, and male calves. Bulls are used to impregnate the cows, but their
growth and dynamics are not simulated. Carrying capacity for the site is determined and the herd is culled so that
overgrazing does not occur. The model does allow the user to preset a stocking rate, thereby overriding the
safeguards of GPFARM, for testing the effect of overstocking. Replacement heifers are added to the herd each year
at a rate set by the user. The remaining female calves are culled. All male calves are culled as steers. Any empty
cows are culled and pregnant cows are culled to meet the site carrying capacity.

Cattle growth is determined by calculating the daily requirement for each class of animal. Demand for total
digestibie nutrient {TDN}) is determined for each livestock class. This need can be met by either supplemental feed
or forage. When grazing is allowed on a site (after forage production begins), both can be used to meet the animals
demand. The maintenance energy requirement (as TDN) is also calculated based on the animal weight. Calves are
given milk as the bulk of their diet. After weaning, the calves diet is determined the same as for the older classes of
cattle.
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Graphical User Interface (GUT): The GPFARM GUI runs in the Microsoft Windows 95™ operating environment and
is being developed with Microsoft Visual C++ 5.0™. The GUI is the focal point of the system as it controls user
interaction with the undertying databases and simulation model. The main screen of GPFARM is shown in Figure 2. It
controls the input of information relating to the whole farm and ranch. This includes equipment, investments, climate,
animal herds, and sub-farms (shown as a child window in Figure 2). New equipment can be defined, and parameters
for default equipment (as taken from the equipment database) can be modified. Other GPFARM components can also
be accessed in the main window, including a record-keeping module, and the GPFARM information system. The
information system is a collection of over 2,500 pieces of information related to Great Plains agriculture, including
research publications, Extension Fact sheets, Extension bulletins, NRCS data sheets, etc.
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Figure 2. GPFARM whole farm/ranch level input screen. Figure 3. GPFARM sub-farm level input screen.

Fields and MU’s are created in the sub-farm window and may overlay bitmap images such as aerial photographs
(Figure 3). A shape palette allows the user to define a variety of field and MU shapes, including circles, squares,
rectangles, and irregular polygons. The user can go to any location on the sub-farm by double-clicking on the
appropriate field or MU listed in the Farm List window (Figure 3). The input of resources and management operations
are also controlled in the sub-farm window. Figure 4 shows typical resource information required by GPFARM.
Resources are considered to be time-invariant initial conditions, e.g., conservation structures, irrigation systems, residue
cover, soil types, landscape topography, weed populations, etc. The primary management input screen is shown in
Figure 5. The following information can be used to define a management operation: name, type, mode, equipment,
date, properties, and materials. The management operation input mode may be either fixed-date or rule-based. If a
rule-based operation is selected, a screen appears which allows the user to select from a pre-set rule base, or create their
own custom rule base. The operation types available in GPFARM include planting; fertilizing; tillage; planting; weed,
insect, and plant disease control; irrigation; and harvesting. Multiple operation types may be selected and they can be
performed on the same day. The available equipment list is taken from the previously selected whole farm and ranch
list. Similar to operation types, muitiple pieces of equipment may be selected. The program calculates the operation
time (acres/hour) based on the (limiting) speed of the slowest piece of equipment selected for that operation. Default
machinery labor values can also be overwritten for individual management operations. Specific operation types (e.g.,
fertilizing and planting) also may have additional properties attached to them. For example, planting properties include
seed variety information, row spacing, in-row plant spacing, seeding rates, and target yicld goals.
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Figure 4. GPFARM resource setup screen. Figure 5. GPFARM management input screen.

Any additional materials needed for the management operations can also be entered, This information is then factored
into the economic analysis. GPFARM output can be viewed in one of two ways: within a scenario or across scenarios.
The output is presented spatially (across whole farm and ranch land units) if viewing within a scenario. If the user
selects the view across scenarios option, the output is presented for a fixed land unit (e.g., an MU or a field) and shown
for each scenario of interest. Figure 6 shows the main GPFARM output results screen.

Figure 6. GPFARM main output display screen. Figure 7. GPFARM break-even analysis economic
output screen.

Economic Budgeting and Analysis: Farm enterprise budgeting procedures are used to determine farm profitability
in terms of net farm costs and returns. The economic analysis module uses crop and animal production for each
MU (from the simulation module or user-supplied) and user-supplied or on-line commodity prices to determine the
gross income of each enterprise. Variable costs for each enterprise are calculated from the required production
inputs. Defailed economic output is available for machine input, materials input, and a standard budget that shows



returns vs, costs, In addition, the user can also perform a breakeven analysis (Figure 7), and view costs vs, returns
on an enterprise (crop rotation system), crop (individual crop) or temporal (year-by-year) basis.

Development Phasep; GPFARM is being developed in three distinct phases because of the size and complexity of
the problem, the need to deliver a quality product in a reasonable time frame, and the n=ed to continuously interact
with potential users. The goal of Phase 1 is to:

Build an initial version of GPFARM for strategic planning and analyzing medium- and long-term whole farm and
ranch level management plans based on the predicted productivity of selected management options and
associated environmental and economic risks. The initial version will consist of components from existing
Jamiliar decision support systems and simulation models to demonstrate feasibility and usefilness of a Great
Plains integrated DSS concept.

The GPFARM development effort is currently reaching the end of Phase |. The objective of Phase 1 is to provide users
an opportunity to develop an understanding of GPFARM, and to provide an opportunity for the beta-test cooperators
have their production operations analyzed by GFFARM. An edditional expected product from this phase is a final
definition of the user requirements regarding the GUI, data inputs, and simulation model output of GPFARM. The final
Phase | development release will be called Version 1.0 of GPFARM.

Phase | has been limited to dryland and irrigated cropping systems incorporating wheat, fallow, com, proso millet and
foxtail millet, and a livestock component of rangeland cattle. The region of emphasis includes only selected operations
of Eastern Colorado. The time frame for completing Phase 1 Beta version is December, 1997. Users have interacted
with the development team and supplied input requests including: farm layouts (aerial photos); historical precipitation
data; historic county yield data; recommendad application rates for manures, pesticides, and commercial fertilizers;
information regarding experimental crop rotations and tillage practices; cattle herd information; production cost
information; and government program information. The time frame for completing Phase 1 Version 1.0 is September,
1998, A workshop is planned at the end of Phase 1 to evaluate different components and linkages of Version 1.0, and
the system as a whole, Experts in the various disciplines, prominent users, and database speciellsts will be invited to the
workshop to critique different components and suggest improvements or better components.

Phase 2 will extend the GPFARM peographic area of consideration to the entire Great Plains, and will incorporate more
crops (e.g., sorghum, soybeans, aifalfa, eic.) and range options. Integration of GPFARM into a geographic information
system (GIS) framework is also being considered for Phase 2. The time frame for completing Phase 2 will be one to
two years. The product at the end of Phase 2 will be Version 2.0 of GPFARM. This version will then be re-tested on
ARS farm cooperstor sites.

The objective of Phase 3 is to develop a DSS useful for real-time and short-term management of crop and animal
production systems. The GUI for input and output of information will likely be derived and enhanced from Version 2.0
developed in Phase 2. Also, the underlying technology will be consistent with that used previously in Phase 2. The
product produced in Phase 3 will be referred to as Version 3.0, Efficient collection and input of data will be crucial
because these management decisions will be based in part on current conditions of the crop and animal production
systems. A GIS will be used to manage the detailed information for describing field-level variability within an
individual farm. Attribute maps of farm cooperators field boundaries, cropping system histories, land use, topography,
soil and aquifer properties, conservation structures, etc. will be developed, The time frame for Phase 3 will be about
two years, GPFARM could subsequently be modified as a template for agricultural systems beyond the Great Plains.
Any work leading to this application would follow Phase 3.
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SUMMARY

GPFARM integrates the most appropriate research findings and associated economic and environmental risks into a
whole farm and ranch system package. Results from the DSS are providing agricultura) consultants, producers, and
action agencies with information for making management decisions that promote sustainable agriculture. In
addition, GPFARM provides feedback conceming the most effective management technologies and assists in
determining areas requiring further research and development. This is an evolutionary process that has tied research
and technology transfer closely together, GPFARM will be developed over several years with a strong potential for
extension to agricultural management support on a national basis. Scheduled dates for release of these components will
be announced about three months in advance, Based on the current rates of advancement of computer technology (both
hardware and software), the life expectancy of GPFARM is approximately ten years.
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THE COMBINATION OF A RAINFALL EVENT MODEL AND A CONTINUOUS SIMULATION
MODEL FOR A BETTER ASSESSMENT OF NONPOINT SOURCE POLLUTION

By M. Di Luzio, Post Doc. Res. Assoc,, TA&M Blackland Research Center, Temple, Texas;
J.G. Arnold, Hydraulic Engineer, USDA-. + Grassland Research Lah., Temple, Texas;
R, Srinivasan, Prof, Assoc., TA&M Blackland Research Center, Temple, Texas;

R.L. Bingner, Agricultural Engineer, National Sedimentation Lab., Oxford, Mississippi.

Abstract: One method for the assessment of the releasc and movement of nutrients and pollutants within a
watershed can be performed using hydrologically based simulation models. The main goal of modeling watershed
hydrologic systems is the development of a mathematical structure that can be performed using the complexity of
hydrological processes and their interrelations. To achieve this goal, state-of-the-art modeling techniques take
advantage of GIS technology to provide a useful manner to collect, store and retrieve huge gquantities of data for
watershed scale assessments, GIS tools satisfy the assessment of distributed characteristics of the landscape and of
the associated hydrological variables. This is particularly important using nonpoint pellution models for the
assessment of the effects of agricultural activities that overlay intrinsic hydrological attributes. Temporal patterns of
release of nutrient and chemicals is directly connected with rainfall events. Particularly, most chemicals are
delivered to waterbodies during only a few large runoff events. Two USDA-ARS models have been developed for
the assessment of nonpoint pollution loading from ungaged watersheds: SWAT (Soil and Water Assessment Tool)
and AGNPS (Agricultural Nonpoint Pollution Source model). Each model performs distributed assessments on a
watershed scale: with SWAT devoted to continuous long time simulations and AGNPS devoted to the analysis of
the effect of single representative rainfall events, In this study the two models (SWAT and AGNPS) are considered
complimentary and integrated in a single tool: SWAT provides the between-storm simulations of amount of seepage
below the root zone and gives the initial condition for storm runoff simulation, AGNPS provides the short time
storm simulation. The integration of the two models and the overlaying of simulations results show good prediction
capabilities of runoff and sediment yield in the highly instrumented Goodwin Creek Watershed in northem
Mississippi.

INTRODUCTION

Agriculture nonpoint pollution sources are spread over the land surface and the source flows originate from rainfall
events following the spatial and temporal characteristics of rainfall, These aspects have been determining the high
difficulty to assess the sediment and agro-chemical loads delivered by rainfall ninoff water and the generated
streamflow. Recent advances in hydrology, soil science, erosion mechanics, and computer technology have provided
the basis for the development of distributed mathematical hydrological based models capable of a sophisticated and
affordable method to assess the release and movement of nutrients and pollutants within a watershed. These
simulation models have been developed as tools in developing management practices that can be used over various
time periods. The uncertainty connected to the spatial variability of the territory attributes has been dealing with the
use of the geographic information system (GIS) technology to easy handle mapped data and derive model input
parameters. The erratic characteristic of the temporal pattern of precipitation has been dealing with designed
raingage networks and remote sensing devices using short time sample patterns.

Watershed oriented erasion and nonpoint pollution models were developed with two different approaches:

a) continuous long-term simulation models, such as model SWAT (Soil and Water Assessment Tool) (Arnold ef
al., 1993), combine simplified assumptions to interpret many continuous and short time processes by using a
daily simulation time step;

b) event simulation models, such as AGNPS (Agricultural NonPoint Source) (Young et 4/, 1989), have been
developed for short term runoff simulations following single events of precipitation and do not include
continuous processes that occur between them.

Both the model typologies are the result of focused targets, determining factors and practical compromises:

al) the necessity of tools to evaluate developing alilemative management practices by hydrological models which
could be used for long-term simylations on large ungauged watersheds with a minimal amount of user input
data requirements;

a2) the description of the involved processes, particularly in continuous, requires a complex set of input parameters,

a3} long series of rainfall data are traditionally available with a fixed time step of 24 hours;
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bl) since the storm events are the phenomena driving most of the eroded sediment and agro-chemicals to the
receiving waterbodies (Knisel, 1980), the simulation of the storm with as much detai! as possible is of priority
importance;

b2) in this case a reduced set of parameters is required supposing stationary the involved processes;

b3) representative events are selected with a design criteria (cumulates rainfall values with a design return period).

Both the approaches show respective drawbacks:

ai) the daily time step does not have a conceptual hydrologic content;

aii) the dynamic hydrologic processes during and following the storm event could be not sufficiently focused;

aiii) complex, detailed and long series of data are needed;

aiv) adequate statistical assessment of the watershed sediment vield and chemical loads responses are obtained with
long term simulation of meteorological input data,

bi) temporal detailed rainfail data set need for an adequate description of the stonm;

bii) difficulties arise setting the initial conditions of the watershed model system specially when the model is
distributed,

biii) the prediction capabilities change for different storm sizes (Bingner ef af., 1992): latge events generally produce
large amounts of erosion, but smaller rainfalls control many of the antecedent parameters that effect erosion
from large events;

biv) conservation cropping systems protect in different measure during different times of the year,

bv) there is not recognized standard in the choice of a representative design storm for watershed erosion and
nonpoint pollution loading assessments.

Moreover inadequate experimental data of instream sediment loads and water quality variables to match models

simulation resnlts make their calibration and validation very doubiful. The uncertainty connected with erosion and

water quality hydrologic processes and the points lisied above can explain why these models have often shown their

role as tools in the assessment of comparative trends obtainable with theoretical application of altemative agriculture

management practices. The recent availability not only of data handling support tools (GIS technology), but the

increasing of the number and quality of hydrologic data promises to improve the models performances.

The objectives of this study were to take advantage of the availability of rainfall data sets measured at short time

intervals (break-point rainfall data) and check an effective method fo safe the respective advantages of the

approaches pointed above. The continuous mode)l SWAT was applied with daily and break-point daily storm sets of

rainfall data and an integrated continuous-event model system (SWAT-AGNPS) was developed and applied.

Goodwin Creek Watershed (GCW) experimental data sets were used to compare the simufation results for measured

runoff’ and fine scdiment yield at the watershed outlet.
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Figure 1 — Working scheme of the SWAT AGNPS model system
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MODEL SYSTEM DESCRIPTION

The system model developed in this study is a combination of the continuous model SWAT and event model
AGNPS (fig 1).

Applying SWAT model (Amold ef af, 1993) and the developed GRASS interface (Srinivasan and Arnold, 1994) the
study watershed can be subdivided into many subbasins with any shape and size to simulate the spatial variability of
a watershed. The model performs a characterization of lateral flow, groundwater flow, channel transmission losses,
and routing of sediment and chemicals trough the watershed. SWAT uses the SCS curve number (USDA-SCS,
1972) equation to estimate daily runoff. The curve number is adjusted according to the moisture conditions in the
watershed, SWAT determines moisture conditions by simulating water infiltration into the spil, percolation losses,
and ¢vapotranspiration. AGNPS (Young e/ a/,, 1989) can not simulate the continuous nature of plant growth so user
inputs are required to inform the model of the crop’s condition on the watershed at the time of the event. AGNPS
requires that the Curve Number (CN), USLE crop factor ( C ) and a Surface. Condition constant (SC) be updated
for each event to describe the soil moisture content and the c¢rop’s condition (see Bingner, 1990 for details).
Conceptually the developed model system is shown in figure 2: SWAT provides the between-storm simulations of
amount of seepage below the root zone and gives the initial condition (CN, C and Sc) to AGNPS for the short time
storm simulations.
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Figure 2 - Separation of sources of streamflow and sediment-chemicals on an idealized hydrograph
WATERSHED DESCRIPTION

Goodwin Creek Watershed (GCW) covers an area of 21.3 km? in the blufF hills region of the north central part of the
state of Mississippi jusi east of the flood-plain of the Mississippi River (fig. 3). Many experimental and sinmiations
studies have been apphied to GCW (Alonso ef al., 1995; Kuhnle ez al., 1996; Bingner, 1996; Bingner et al., 1997a;
Bingner ef al., 1997b). Soils within GCW can generally be described as silt loams, with topography ranging from
small alluvial valleys along the major channels 10 moderately hilly uplands. The land surface ranges in elevation
from 71 to 128 m above the mean sea level, with a mean channel slope of 4 m/km. Simplified categories of land
uses in GCW for 1987 included 48% Pasture/idle, 26% forest and 15% cultivated, The normal annual rainfall is
1399 mm (Bingner, 1996).

DATA COLLECTION

GCW was instrumented in 1981 with fourteen streamflow measuring and sampling stations located through the
watershed on the outlet of one or more nested subbasins (Alonso ef al., 1995), with 30 raingages located in or
adjacent to the watershed (McGregor et al., 1995). In this study values were used from the measured stream water
flow and suspended sediment load (finer than 0.062mm) sampled at the outlet flume (the streamflow station located
at 89°54°50"" and long. 34°13°55"’) (Mcasuring Station #1) and the rainfall records of the 30 raingage stations
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Figure 3 - Location of Goodwin Creek watershed with raingages and the streamflow measuring stations

located as shown in figure 3, GRASS-GIS (Shapiro et al., 1992) data layers including elevations, Janduse, and soil
series types at a 30x30 m cell size were available from previously prepared U.S. Geological Survey (USGS) quad
sheets, 1987 Landstat-5 thematic mapper image and NRCS soil surveys maps, respectively.

INPUT PARAMETERS

The simulation were performed using 135 square cells (subbasins) with 400 x 400 m size (fig.4).

Parameters for each cell were estimated using SWAT/GRASS interface (Srinivasan and Amold, 1994) based on the

dominant land use or soil type described by GIS map layers within a cell. Bingner (1996) described a similar

simulation process using SWAT to evaluate the runoff predicted at each of the GCW's fourieen instream measuring

stations using the same number of correspondent subbasins to define the watershed, Kuhnle ef al. (1996) and

Bingner ef al. (1997a) applied SWAT to cvaluate fine sediment yield at the same locations using 138 subbasins.

Bingner et ai. (1997b) compared SWAT simulation with multiple numbers of subbasin subdivision.

Since GCW was previously object of similar simulation process, the calibration was avoided; some model sensitive

parameters were chosen following the observations reported in one of the previous applications of SWAT on the

seme watershed (Bingner ef al., 1997b):

a) cotton was used 1o identify the crop land and ever green forest to identify forest;

b) the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1978) support practice factors (P-factors)
were chosen based on no support practices contained on pasture or forest land, resulting in a P-factor value of
1.0. Cropland areas were assigned a value of 0.5 for ali fieids, aithough the levei of contour farming on GCW is
not available:

¢} the NRCS curve numbers (CN) values were chosen 89, 79 and 70, far cropland, pasture and forest respectively
(these are medium values between the interface product values and values used in Bingner e al. (1997b));

d) the overfand Manning’s n values were chosen 0.07, 0.24 and 0.40, for cropland, pasture and forest respectively.

A software program was developed 1o transfer the same set of parameters into AGNPS (version 5.0) input format.

Slight modifications of the SWAT code (version 97.2) were performed to update the AGNPS input values of CN. C
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Figure 4 — Grid subdivision of Goodwin Creek Watershed (GCW)

and Surface Conslant in occasion of each storm event, run AGNPS model with the storm data set (precipitation and
Energy Intensity index of USLE) and feedback SWAT with AGNPS’s cell based output data simulation (fig. 1).

Table [ - Goodwin Creek Watershed: yearly average rainfall, average EiI and observed total Runoff and fine
Sediment yield at the outlet

Average Average Total Fine Sediment

Rainfall El Runoff Yield
Year [mm] Mimmgtah)’)]  [mm] [t ha™]
1982 1690.0 10726.97 735.0 17.6
1983 1658.7 10345.54 866.2 19.6
1984 1448.1 9489.774 5513 16.5
1985 1201.9 7298.84 3087 7.5
1986 1232.8 8064.042 3197 52
1987 1160.3 5326.091 317.0 42
1988 1050.0 4941.068 282.5 30
1989 1785.1 10624.99 844 8 11.8
1990 1028.5 4648.024 669.2 93
1991 1990.4 14213.15 1155.9 20,0
1992 1120.4 6081.288 369.0 3.7
1993° 1065.6 4292363 2507 1.1

*Untill september 1993

The precipitation data set were obtained elaborating short time rainfall data of 30 raingage stations located as shown
in figure 3, Different set of precipitation data where prepared: daily time step (24 hours) and daily-storm (storms
were defined as precipitation without a continuous break of 6 h with less than 0.25 mm and summarized on the day
the storm started), averape weighted watershed daily-storm precipitation and EI based on the single station data and
on the station proximity areal coverage of the watershed area. The EI, for all storms with no limitations on storm
size or intensity parameters, were computed using Agricuiture Handbook 537 (Wischmeier and Smith, 1978)
procedure in the SI metric units version of Foster ef af. (1981). Measured total ninoff and fine sediment watershed
load were computed using the short time records registered at the outlet streamflow station (fig. 3). Table 1 reporis a
summary of the compuled yearly average precipitation, average EI data and observed total runoff and fine
sediment yield. The following section compares measured and simulated runoff and fine sediment yield
data for the almost 12-year period January 1982 through September 1993.
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RESULTS AND DISCUSSION

SWAT model was applied using traditional daily (SWAT) and daily-storm precipitations (SWAT-BRK) with the
full available distributed data set (30 sets of rainfall data corrispondent to the 30 stations of fig. 3). The results
reported in Figures 5 show that fotal ranoff simulated using SWAT are improved using daily-storm precipitation
data instead of traditional daily data: for the whole period of analyses simulated tctal ronoff was within 92% and
89% of the observed values respectively. Even the monthly based statistical comparison reported in table 2 show the
improvement of the coefficient of determination (r*), for the linear regression between the observed and simulated
streamflow, and the simulation efficiency index of Nash-Suttcliffe (Nash and Sutcliffe, 1970).

An improvement of the statistical results was obtained for the simulation of sediment yield and the simulation of the
accumulated fine sediment load passed to 69% from 62% of the observed value. However this last comparison is not
compleiely meaningful because carlier sudies in GCW watershed attribute a significant but not accurate portion of
the fine sediment from channel and concentrated flows areas (Alonso ef al., 1995; Bingner ef al., 1997a; Kuhnle et
al., 1996).

When the SWAT-AGNPS mode! system was applied the results of the simulation were collected in two different
manner, in fact while AGNPS computed the cell by cell ranoff and sediment yield values, SWAT outlet output data
(SWAT-AGNPS I) and AGNPS outlel output data (SWAT-AGNPS II) were collected. For an effective comparison,
since AGNPS computes only the surface component of runoff and sediment yield, a portion loads where added
computing the experimenal subsurface and base flow runoff by an automatic digital filtering technique (Amold ef
al., 1995) and considering 100 mg/l the medium concentration of fine sediments in this components of runoff. The
statistical results for the total mnoff simulation showed further improvement (E and r increase) while were
simulated 90% and 92% of the observed accumulated value. Slight decreased of this last value could be due to the
use of watershed average values of rainfall and E] data. The statistical results for the sediment yield were improved,
while 67% and 29% of the observed accumulated value were simmlated, a decreasing of the Nush-Sutcliffe
coefficient of simnlation efficiency for SWAT-AGNPS II was due 1o the remarkable lower values of the simulated
sediment yields (see fig. 6 and table 2). In fact SWAT-AGNPS Il model system simulated 29% of the observed
accumulated fine sediment vield (AGNPS contains no channe] bank erosion comporents) even if this value is
supponted by the data reported by Grissinger ef af, {(1991) who estimated that 75% of the fine material produced at
the outlet of GCW from 1982 to 1987 originated from channel or gully sources. It needs 1o notice that the used
landuse data are a picture of the 1987 survey and therefore the simulations did not take in account that the decrement
of cultivated land in the GCW during the considered period reduced the sources and supply of fine sedirnent

(Kuhnle er al., 1996).

Table 2 — Nash-Sutcliffe index gf efficiency (E) and ¥ for linear regression between montly observed total runoff
and fine sediment yield and simulated with SWAT, SWAT-BRK and daily-storm data, SWAT-AGNPSI and SWAT-
AGNPSII

SWAT SWAT BRK SWAT-AGNPS SWAT-AGNPS
I I

Monthly base E rr E r E r E r
Total Runoff 0739 0748 0884 0888 0866 0873 0.892 03898

Fine Sediment 0365 0452 0573 0687 0623 0774 0167 0717
Yield

CONCLUSIONS

In this paper were described the steps followed to perform long-term sediment yield and water rancff simulations by
the implementation of a SWAT-AGNPS system. The simulation results illustrated for the Goodwin Creck
Watershed, even in the absence of the model system calibration, agree well with the measured values and previous
experimental observations. For the almost twelve years period, the simulation of water runoff increased in efficiency
and correlation with the observed data using SWAT with daily-storm data and linked with AGNPS model. In the
same manner the simulated fine sediment yield showed statistical improvements . The SWAT- AGNPS 11 model
system showed absolute remarkable lower values becasuse AGNPS do not simulate channel erosion, but a real
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comparison with observed results is actually difficult since in Goodwin Creck Watershed 2 dominant portion of fine
material is originated from channel or gully sources that the two models did not simulate.

Daily-storm break-point cumulated rainfall data and the tested SWAT-AGNPS sysiem revealed to be efficient for
long term simulations encouraging furthermore comparison in different watersheds, considering simulated and
measured chemical loads and storm by storm resulis. The study suggests that erosion and sediment yields (and
nonpoint pollution) models should take advantage of the recent availability of enriched rainfall data (the forcing
variable of the system) in temporal a spatial detailg, 10 improve the assessment of the process variables either
between and during the rainfall events, for a global improvement of simulation results.

Figure 5 - Yearly measured total runoff; fine sediment yield and resuits of simulation with SWAT, SWAT-BRK dally-
storm data, SWAT-AGNPSI and SWAT-AGNPSII
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Abstract

A set of spatially referenced regression models is currently being developed to relate water qual-
ity in the Chesapeake Bay to sources of nutrients in the watershed and to factors that affect the
transport of nutrients to the bay. Spatially referenced regression modeling is a statistical technigue
that uses spatial information to provide nutrient-load predictions that are more spatially detailed
than those provided by other large-scale watershed models. Two applications of the technique for
the determination of total nitrogen in the Chesapeake Bay watershed are described, including the
estimation of incremental (local) yields and the estimation of yields delivered to the bay. The
model shows that areas that are most important to the delivery of nutrients to the bay are those
that drain directly to large streams or those that are near the bay. Instream Joss of nutrients is min-
imal in both cases, thus enhancing nutrient delivery to the bay.

INTRODUCTION

Watershed modeling is commonly considered an essential tool for evaluating the sources and con-
trols of nutrient loading to receiving waters. Watershed models provide a framework for integrat-
ing the data that describe the processes and land-surface characteristics that determine the amount
of nutrients transported by streams. Development of watershed models is a difficult task, however,
because of the broad spatial and temporal scales that must be considered and the large amount of
information that must be integrated. Funding, time constraints and available information com-
monly limit the amount of spatial or temporal detail that can be considered by watershed models.

The Chesapeake Bay watershed is one area of the Nation where watershed modeling is being
applied to evaluate nutrient loading (figure 1). Water quality and ecosystem integrity in the Ches-
apeake Bay have been affected by excessive nutrient loading, which has resulted in the depression
of dissolved oxygen levels and the loss of submerged aquatic vegetation. These effects have
impacted economically important aquatic species and have diminished the value of the bay as a
recreational resource.

Watershed modeling has been an important component of the effort to understand nutrient loading
to the Chesapeake Bay and to develop management strategies for controlling it. The Chesapeake
Bay Program (CBP) is a multiagency taskforce that has been charged with coordinating and man-
aging efforts to restore water quality in the bay. The CBP has developed a hydrologic and water-
guality model for the Chesapeake Bay watershed using the Hydrologic Simulation Program - For-
tran (HSPF) modeling framework (Donigian and others, 1994). Applications of the HSPF model
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include (1) estirnating nutrient
loads from all areas of the
watershed, (2) evaluating the
impacts of land-use-change
scenarios, and (3) evaluating
the potential benefits of the
implementation of Best Man-
agement Practices (BMP’s).
The Chesapeake Bay HSPF
model is temporally detailed in
that it is based on hourly time
increments of streamflow and
other environmental processes,
but is limited in spatial detail
and is based on 86 segments
that average more than 700
square miles in area.

— e
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New York

West
Virginia

The HSPF modeling frame-
work is deterministic in nature
and includes a substantial
amount of detail in the number
of processes that are considered
in simulating watershed hydrol-
ogy and nutrient fate and trans-
port. The process detail included in HSPF is important for designing and evaluating nutrient
management programs. The number of parameters in the model increases with the number of pro-
cesses simulated, however, and determining appropriate values for those parameters can be diffi-
cult. The current Chesapeake Bay watershed model is manually calibrated at 14 sites. Parameter
values are quantified by adjusting them to fit predicted values to measured data or by adopting
published values for some parameters.

Figure 1. Chesapeake Bay watershed and surrounding area.

To support the CBP’s modeling effort, the U.S. Geological Survey (USGS) has initiated the devel-
opment of a set of spatially referenced regression models. These models can be used to provide a
statistical basis to watershed modeling and additional spatial detail on nutrient sources and trans-
port processes. The method used for developing the regression models is referred to as “SPAR-
ROW” (SPAtially-Referenced Regressions On Watershed attributes) (Smith and others, 1996).
The SPARROW methodology is designed to provide statistically based relations between stream-
water quality and environmental factors such as contaminant sources in the watershed, land-sur-
face characteristics that affect contaminant delivery to streams, and instream contaminant losses.
Because the regression models are linked to spatial information, predictions and subsequent ana-
lytical results can be illustrated through detailed maps that provide information about nutrient
loading at multiple scales. The SPARROW methodology has been successfully applied at the
national scale for estimating total nitrogen and total phosphorus loads for streams in the continen-
tal United States (Smith and others, 1996).
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As an initial step in the development of SPARROW models for the Chesapeake Bay watershed,
this paper describes an evaluation of the national scale model within the bay watershed. SPAR-
ROW regressions are currently being developed using data that are specific to the watershed, but
the national model provides a useful preliminary view of nutrient loading to the bay. Specifically,
this paper describes the results of two applications of the national SPARROW model for evaluat-
ing the important sources and controls of total nitrogen loads to the Chesapeake Bay.

METHODS

The SPARROW methodology consists of a nonlinear regression in which nutrient-load data are
related to upstream sources and land-surface characteristics. Spatial referencing is accomplished
by linking nutrient source, land-surface characteristic, and loading information to a geographi-
cally defined river-reach data set that serves as a network for relating upstream and downstream
loads. Nutrient inputs to each river reach include loading from individual sources within the
watershed that drains to the reach and loading from upstream. Land-surface characteristics that
affect delivery of nutrients to the reach are included by linking the relative amount of the specific
characteristic in the direct drainage area to the reach. All of the dependent and independent vari-
ables are spatially defined by point or polygon coverages that are related to the stream network,
which defines the connectivity and allows predictions to be presented in a spatial context. Further
details of the methodology are presented below; however, the reader is referred to Smith and oth-
ers (1996) and Smith and others (1993) for a complete description.

The SPARROW statistical model includes three types of parameters: source, land-to-water deliv-
ery, and instream loss parameters. The basic form of the statistical model is:

N
(-'Z) (-8'F))
L‘,=Z Zﬁnjn’je Jé‘ ’ ,

n=1 JjeJ(i)

where
L,. = load in reach i;
n, N =source index where N is the total number of considered sources;

J(i) = the set of all reaches upstream and including reach i, except those con-
taining or upstream of monitoring stations upstream of reach i;

Bn = estimated source parameter;

Sn,j = contaminant mass from source n in drainage to reach j;

a = estimated vector of land-to-water delivery parameters;

Z.  =land-surface characteristics associated with drainage to reach j;
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) = estimated vector of instream loss parameters: and

Ti ji = channel transport characteristics.
The source parameters (3,) are included to determine the significance of individual sources in
explaining the variation of loads among reaches. Sources considered in the national SPARROW
model include point sources, fertilizer application rates, livestock production, atmospheric depo-
sition and nonagricultural land. Additionally, in basins where load is monitored at some upstream
location, the monitored load is considered an additional source with source parameter (f3,) set
equal to one.

The land-to-water delivery parameters (0t) determine the significance of different types of land-
surface characteristics for increasing or decreasing the delivery of nutrients from the land surface
to the stream reach. For example, relatively large percentages of impermeable surface area might
be expected to increase delivery from the land surface to stream reaches. Land-surface character-
istics (Z j) that were considered in the national SPARROW model include temperature, slope,
stream density, wetland, irrigated land, precipitation, and irrigated water use. Delivery of point-
source loads to stream reaches was assumed to be unaffected by land-surface characteristics, and
the value of the delivery term [ %) for point sources is set equal to one.

Estimation of instream loss parameters {9) is important for relating upstream sources to down-
stream loads. For the national SPARROW model, instream-loss parameters were estimated for
three reach classes that were defined by discharge level. The classes were defined by the discharge
intervals of less than 28 m/s, between 28 and 283 m?/s, and greater than 283 m’/s.

All dependent and independent variable data sets were compiled from published data bases.
Nutrient-loading data were derived from water-quality data collected as part of the USGS
National Stream Quality Accounting Network (NASQAN). Load estimates were generated on the
basis of total nitrogen measurements from 414 sites, including 13 sites from within the Chesa-
peake Bay drainage. Total nitrogen-source data were compiled primarily from published county-
based data sets. Atmospheric deposition data, however, were generated through linear spatial
interpolation of National Atmospheric Deposition Program (NADP) point measurements. Land
surface-characteristics data were compiled from a variety of spatial data sets. Some variables
were generated from county-based information (for example, wetlands, fraction of irrigated crop-
land). Others (soil permeability and slope), however, were compiled from the state-based soils
data sets (STATSGQ) (U.S. Sail Conservation Service, 1994) and published USGS data sets (tem-
perature and precipitation). All dependent and independent variable data were compiled for calen-
dar year 1987 or were generated to reflect conditions during that year.

The network for developing the national SPARROW model is based on River Reach File 1 (RF1)
(DeWald and others, 1985) for model development and USGS hydrologic units for displaying
model predictions. RF1 is a 1:500,000-scale, digital stream coverage that is attributed with reach
length and average stream discharge and velocity. This information is used to classify reaches into
size categories and to calculate traveltime (reach length/velocity) for estimating in-stream loss
rates. Nationally, RF1 consists of approximately 60,000 stream reaches, which includes 1,366
stream reaches in the Chesapeake Bay watershed. Predicted total nitrogen loads and basin yields
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for the continental United States were illustrated on the basis of 2,057 USGS hydrologic “catalog-
ing” vnits. For the Chesapeake Bay watershed, the scale of the basin units was refined by delineat-
ing basin boundaries for each river reach based on a 1-km? digital elevation mode! (DEM). Basin
delineation produced one basin unit for each reach, or 1,366 basins in all.

Model parameters in the national model were estimated by applying a nonlinear Jeast-squares
algonthm to the equation above. The error term in the model is assumed to be muitiplicative and
the estimation algorithm was applied after both sides of the equation were converted to logarith-
mic form. The robustness of the parameter estimates was evaluated by applying a bootstrap algo-
rithm in which the model was repeatedly estimated based on subsamples of the load and predictor
data. This procedure provided distributions of model parameters that could be used to evaluate the
potential range of parameter estimates. Further details and results of the bootstrap analysis are
described by Smith and others (1996).

RESULTS

Regression Results and Parameter Estimates

Results of model estimation for the total nitrogen national SPARROW model are summarized in
table 1. Fit of the model is good with an R-squared value of 0.87 and a mean square error of
0.4544. Most of the independent variables considered were found to be significant; variables that
were clearly not significant in exploratory regressions were left out of the final model. All para-
metric estimates of total nitrogen source parameters were found to be significant, although live-
stock waste production was only moderately significant (0.0632). All bootstrap estimates of total
nitrogen source parameters were found to be highly significant. Three of the eight land-to-water
delivery parameters were found to be significant by the parametric or bootstrap estimations. Tem-
perature and soil permeability were inversely related to nitrogen loading possibly because higher
temperature increases rates of denitrification and because higher soil permeability tends to shift
nitrate transport to ground-water reservoirs. Stream density was implemented in the model in
reciprocal form and is positively related to stream nitrogen loading because basins with higher
stream density are expected, on average, to have shorter overland traveltimes than basins with
lower stream density. Parametric estimates of instream loss parameters were highly significant for
the two smaller stream-size classes. Instream loss rates are lower for larger stream sizes because
larger (deeper) streams have less contact with sediment where denitrification is expected to occur.

Application of SPARROW for Spatial Nutrient I.oading Analysis

To illustrate the benefit of spatial referencing, two applications of SPARROW in the Chesapeake
Bay watershed are presented (figures 2 and 3). In both cases, total nitrogen yields are calculated
by dividing the predicted load by the contributing area to calculate a per unit area load. Incremen-
tal yield (figure 2) is the load generated by the area that drains directly to the reach without loads
from upstream. Input to the reach is assumed to occur at the middle of the reach and instream loss
is calculated over half of the length to estimate loads at the end of the reach. Incremental loads
provide an indication of the relative importance of local drainage areas to nitrogen loading and
provide a common basis for evaluating source areas across the entire watershed. Incremental
yields provide an indication of local influences on loading, but do not account for instream losses

1-147



that occur as nitrogen is transported

Table 1, Parameter estimates, probability levels and to the Chesapeake Bay. The effects of
regression results for national SPARROW model nutrient enrichment in the bay are a
(mOdlﬁCd from Smith and others, 1996) major concern and land_manage_

‘ ment agencies are seeking tools for
Model parameters Bootstrap  Bootstrap prioritizing areas for the implementa-

Coefficlent p tion of nutrient-reduction measures.

If the bay is the primary area of con-

Nitrogen Sources (B)

Point sources 04331  <0.005 cern, instream loss of nutrients is
Fertilizer application 1,439 <0.005 important becanse high local loading
Livestock waste production 1.060 0.005 may become insignificant over dis-
Almosgheric deposition 6.538 <(.005 tance and with long traveltimes. To
Nonageicultural land 167 0.002 account for instream losses, “deliv-
Land to water delivery (o) ered yields” (figure 3) were estimated
gf:;l:era““e 00198  <0.005 by weighting the incremental loads
Soil permeability 00450  <0.005 by the mstrt?am loss that would occur
Stream density 0.0244 0.025 over the distance from the end of
Wetland each reach to the bay. Delivered
Irrigated land yields provide a common basis for
Precipitation determining those areas in the entire
Irigated water use watershed that are most important to
Instream loss (5) the delivery of nitrogen to the bay.
8, (Q <28.3 m/s) 0.3843  <0.005
5(83ms<Q<283mYs) 01225  <0.005 Figures 2 and 3 illustrate incremental
8.0 >288 i) aowr 00 and delivered yields by shading basin
R-squared 0.8742 areas by yield class. Areas with high
Mean square error 0.4544 incremental yields include the New
Number of ebservations 414 York part of the watershed, southern

Pennsylvania, central Maryland,
western Virginia and the lower part
of the eastern shore of the bay. Causes of the high local loading in these areas vary by region.
Agricultural sources (fertilizer application and livestock waste production) were important to the
incremental yield in most of the areas mentioned, but especially in southern Pennsylvania, central
Maryland, and the Eastern Shore. In New York, agricultural sources were important, but atmo-
spheric deposition was the primary source of nitrogen. Point sources are important in marny areas
of the watershed where there are large population densities, but of the areas in figure 2 with high
incremental yield, point-source loading is relatively high in the Scranton, and Harrisburg, Pa., and
Baltimore, Md., areas.

Comparison of figures 2 and 3 illustrates the importance of the instream loss that occurs as nitro-
gen is transported to the bay. Most of the areas that had relatively high incremental (local) loading
were much less important with respect to loading to the bay itself. Areas with the highest deliv-
ered nitrogen loading to the bay include northeastern and southern Pennsylvania, parts of central
Maryland and parts of the lower Eastern Shore. Areas with high incremental yield and relatively
low delivered yield include the New York part of the watershed and parts of central Maryland and
western Virginia. The highest delivered yields are areas that drain directly to large streams or are
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Figure 2. Incremental (local) total nitrogen yields to stream

reaches in the Chesapeake Bay watershed.
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Figure 3. Total nitrogen yields delivered from stream
reach drainages to the Chesapeake Bay.



areas of high incremental loading that are close to the bay. Areas that drain directly to large
streams have less instream loss due to lower loss rates (table 1), and for that reason those areas
may be more important for delivery of nitrogen to the bay. Areas near the bay may be more
important for nitrogen delivery because travel distances are short and the time for instream loss is
short compared to other parts of the watershed.

REFERENCES

Dewald, T., Horn, R., Greenspun, R., Taylor, P., Manning, L., and Montalbano, A., 1985,
STORET Reach Retrieval Documentation, U.S. Environmental Protection Agency.
Washington, D.C.

Donigian, A.S., Bicknell, B.R., Patwardhan, A.S., Linker, L.C., and Chang, C., 1994, Chesapeake
Bay Program Watershed Model Application to Calculate Bay Nutrient Loadings -- Final Facts
and Recommendations. Report # EPA 903-R-94-042, U.S. Environmental Protection Agency
Chesapeake Bay Program Office, Annapolis, Maryland, 283 p.

Smith, R.A., Alexander, R.B., Tasker, G.D., Price, C.V., Robinson, K.W., and White, D.A., 1993,
Statistical Modeling of Water Quality in Regional Watersheds. Proceedings of Watershed ‘93,
A National Conference on Watershed Management. Alexandria, Virginia, March 21-24, 1993,
4p.

Smith, R.A., Schwarz, G.E., and Alexander, R.B., 1996, Regional Interpretation of Water-quality
Monitoring Data. Water Resources Research, 33 (12).

U.S. Soil Conservation Service, 1994, State Soil Geographic (STATSGOQO) Data Base. National
Soil Survey Center. Publication number 1492, 88 p.

1-150



INFLUENCE OF RAINFALL TIMING AND AMOUNT ON PHOSPHORUS
LOSSES ASSOCIATED WITH RUNOFF AND SEDIMENT - A GLEAMS
SIMULATION

Dr. Clint Truman, Soil Scientist, USDA-ARS, Tifton, Georgia
Mr. Frank Davis, Computer Scientist, USDA-ARS, Tifton, Georgia
Dr. Ralph Leonard, Soil Scientist, USDA-ARS, Tifton, Genrgia (Retired)

Corresponding Author: Dr. Clinton C. Truman, USDA-ARS, Southeast Watershed
Research Lab., P. O. Box 946, Tifton, GA 31793; (912) 386-7174 or (912) 386-3515; FAX:
(912) 386-7294; Email: ctswri@tifton.cpes.peachnet.edu.

INTRODUCTION

Runoff leaving agricultural fields carries sediment and phosphorus (P) as nonpoint source pollutants,
Millions of tons of sediment and nutrients (N and P) enter and degrade U.S. surface waters each year.
Loss of P in runoff influences nutrient management strategies and has been associated with
accelerated eutrophication in surface waters. Research and nutrient management guidelines
presently focus on maximizing nutrient avaiiability to meet crop nutrient requirements, while
minimizing nutrient transport to reduce environmental contamination.

Losses of P in runoff (water and sediment) are influenced by rainfall and soil characteristics and
fertilizer application timing relative to rainfall occurrence (Edwards and Owens, 1991; Smith et al.,
1991; Edwards and Daniei, 1993; Truman et al., 1993; Pionke et al., 1996; Sharpley, 1997). For
regulatory decisions, estimates of "worst-case” runoff are ofien sought. Majority of annual P losses
associated with runoff generally occur during one or two "extreme" rainfall events immediately after
fertilizer application. As a result, an increase in time between fertilizer application and a
rainfall/runoff event reduces P losses in runoff.

Models can be used to help select management aliernatives for reducing contaminant transport from
agricultural production systems (Edwards et al., 1992; Leonard et al., 1992). For management
questions, models are best used by comparing different alternatives in a relative manner rather than
making interpretations based on absolute values or standards. Model output (annual totals,
simulation period means, and single event amounts) due to precipitation patterns can be evaluated,
especially P transport by surface runoff in relation to probability of or risks associated with off-site
contamination and overall degradation of surface water quality.

Improved understanding and estimation of amounts, rates, and forms of P associated with solution
and particulate phases leaving agricultural fields undcr different management and rainfall scenarios
is needed. This study utilizes a modeling approach to evaluate the effect of rainfall timing/amount
and fertilizer source on P losses in runoff and associated with sediment and soil P build up with
continuous land application of commercial fertilizer or poultry litter.
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PROCEDURES

When applying models to evaluate P and sediment delivery by runoff, a representative record of
rainfall must be chosen. However, no generally accepted guidelines exist to describe what length of
record is required to accurately represent expected future patterns and extremes in rainfall.
Obviously, the "worst-case"” for P associated with runoff will occur when the extreme event occurs
on the day of fertilization. Representative periods of record should include these extreme events.

From expected recurrence intervals for rainfall of various amounts in 1-d periods in south Georgia
(Sheridan et al., 1979), a worst-case was defined in terms of 2, 10, 25, 50, or 100-yr recurrence
intervals assuming fertilization occurred immediately before these events.

The GLEAMS Mode] The GLEAMS (Groundwater Loading Effects of Agricultural Management
Systems) model was developed by modifying the CREAMS model (Knisel, 1980) to evaluate
agrichemical (nutrients and pesticides) losses in surface runoff and sediment from field-sized areas.
GLEAMS was designed to provide relative comparisons among different management-
climate-soil-chemical conditions.

GLEAMS consists of four major components: hydrology, erosion, pesticides, and nutrients. We will
not discuss details of the pesticide component since we are interested in runoff, sediment, and
associated phosphorus losses. The hydrology component uses daily precipitation inputs along with
soil and crop characteristics to compute soil-water-balance in the root zone. Precipitation is
partitioned between runoff and infiltration using a modification of the USDA-SCS curve number
method (USDA, SCS, 1972; Williams and Nicks, 1982). Water in excess of storage is routed through
the root zone, and total amount of percolation leaving the root zone is calculated.

The erosion component uses a modified Universal Soil Loss Equation (Wischmeier and Smith, 1978)
for storm-by-storm simulation of rill and interrill erosion in overland flow areas (Foster et al., 1980).
Sediment is routed with runoff by particle size (Foster et al., 1985) which allows for calculation of
sediment enrichment ratios and simulation of adsorbed agrichemical transport.

The nutrient component (Knisel, 1993) monitors nitrogen and phosphorus cycles and describes how
management practices affect daily nutrient status in the soil root zone and that associated with
runoff, sediment, and leachate. The phosphorus model developed by Jones et al. (1984) and
Sharpley et al. (1984) was incorporated into GLEAMS, with one notable modification in the
mineralization of organic P in animal waste. The P section of the nutrient component has algorithms
describing mineralization, uptake, leaching, P in runoff and attached to sediment. Management
alternatives include fertigation, application of animal waste as solid, slurry, or liquid, and tillage.

Input requirements for GLEAMS include daily rainfall volumes, crop and management parameters,
intrinsic soil physical and chemical properties with depth, soil detachment and transport parameters,
and agrichemical properties. Output data include runoff, sediment, and percolation amounts, and
agrichemical masses in runoff, sediment, and percolation.

1-152



In the simulations, fertilizer applications of a commercial fertilizer and poultry litter were applied
to corn, Commercial fertilizer was applied in split applications: 1) at planting (56 kg/ha P), and 2)
45 days after planting (only N applied). Poultry litter (3% P and 2.5% organic P) was applied at
planting at rates of 2 and 4 tons/A (4.5 and 9 t/ha). All fertilizer applications were incorporated by
disking to a depth of 10 cm. A rectangular field of 4 ha consisting of a Cowarts loamy sand (Typic
Kanhapludult) with uniform 4% slope with a single overland flow profile was assumed. Simulations
were performed for a 50-yr period (1939-1988) using daily rainfall records from Tifton, GA. A 20-d
planting window (March 20 - April 8) was assumed, and to ensure equal chance of fertilizer
applications on days preceding extreme rainfall events during the 50-yr period. 20 repetitive
simulations were performed moving ahead the application 1 d. Output files were created for annual
totals and daily mass and concentrations in runoff for the entire year after application.

RESULTS AND DISCUSSION

In this study, we used a modeling approach to address the following questions: 1) How does rainfall
timing/amount and fertilizer source influence P losses in runoff (water and sediment)?; 2) What is
the probability of having a certain size storm capable of producing runoff and sediment that
transports a specified amount of P?; and 3) How fast does soil P build up with continuous land
application of commercial fertilizer or poultry litter?

Simulated P losses (kg/ha) associated with runoff (soluble P, SP) and that associated with sediment
(SedP) during a 50-yr period for 20 consecutive application dates are given in Table 1, SP losses
for the 4.5 and 9 tons/ha poultry litter applications were 1.4 and 2.5 times greater than SP losses for
the commercial fertilizer application, whereas SedP losses for the same poultry litter applications
were 2.7 and 5.3 times greater than that for the commercial fertilizer. Majority of P lost was in the
SedP form. Annual P application rates for the commercial fertilizer and the 4.5 and 9 tons/ha poultry
litter applications were 56, 135, and 270 kg/ha, respectively. In terms of percentage of application
over the 50-yr simulation, SP losses were 0.2 to 0.4%, while SedP losses were 25 to 29%. Range
of SP and SedP losses were relatively small, however, maximum and minimum losses did not
necessarily occur for the same planting dates. Therefore, comparing only the twenty 50-yr annual
means, application date was not important within the 20-d planting window. However, within each
50-yr simulation, year-to-year variation was relatively large as indicated by coefficient of variations
(CV) about annual means. CV values for commercial fertilizer and the 4.5 and 9 tons/ha poultry
litter applications ranged from 54-64, 57-100, and 60-89, respectively. Year-to-year variation was
caused by different rainfall amounts and timing relative to fertilization.

The Gumbel extreme-value distribution was used to analyze annual P losses for planting (Julian)
date 80. Probability plots (Figs. 1 and 2) in terms of “recurrence intervals” were produced which
represent the average interval of time within which a value of specified magnitude will be equaled
or exceeded, allowing point selection based on probability.

Much of the variation in annual means of P losses can be explained by the occurrence of major

storm events near the day of fertilization. P losses for selected individual storm events are presented
in Table 2. These 1-d storms were selected from a combination of 50 year rainfall records and
different planting dates such that the event corresponded to the planting and fertilizer application
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date. Storm event selection was also based on recurrence intervals expected for [~d maximum
rainfall based on the analysis by Sheridan et al. (1979) (Table 3). Rainfall events selected spanned
the range from 2- to 100-yr rccurrences. Results in Table 2 show that event SP and Sed? losses
generally increased as individual storm size increased. Exceptions were caused by different
antecedent soil water conditions which affect runoff volumes (data not shown). Also. percent of
total annual SP and SedP losses made up of the corresponding event losses increased with storm
size. This was especially evident with SP losses.

Agricultura] producers constantly seek answers to questions such as how much and for how long can
they apply fertilizer and/or poultry litter to row-crop land without causing excess nutrient build up
in the soil and/or off-site contamination, especially with continuous land application of the fertilizer
sources. Simulated data representing P (PO,-P) build up in the 0-1 cm and 0-15 cm soil depths over
a 10-yr period arc shown in Figs. 3 and 4. As cxpected, P build up in the 0-1 cm soil layer shows
much variations with no apparent trend (Fig. 3). The 0-1 cm soil depth is used by the GLEAMS
model as an agrichemical source layer for agrichemicals transported in runoff (water and sediment).
One would not expect P levels to reach elevated [evels in this layer since many pathways cxist for
P to be removed from this layer (crop uptake, runoff, Jeaching). P accumulations for the 0-15 cm
soil depth increased significantly over the 10-yr period (Fig. 4). For comparisons, soil test P
(Mchlich I) levels (0-15 em soil depth) for the statc of Georgia are defined as low (0-34 kg/ha).
medium (34-67 kg/ha), high (67-112 kg/ha), and very high (=112 kg/ha). Within the 10-yr period.
all fertilizer sources approached or cxceeded the high category for soil P build up. The 4.5 tons/ha
poultry [itter treatment extends well into the high range (max=90 kg/ha), while the 9 tons/ha poultry
litter trcatment (max=170 kg/ha) exceeds the very high category. Continuous application of
fertilizers. especially poultry litter, can cause excess build up of P in a relatively short period of time.
The 4.5 tons/ha poultry litter treatment reached/exceeded the high soil P category within 4 to 5 yrs,
while the 9 tons/ha reached/exceeded the same level within 2 yrs.

Table 1. Runoff, sediment, soluble phosphorus (SP) and sediment-transported phosphorus (SedP)
losses from 50-yr simulations covering the 20 planting dates.

Fertilizer Sedi- SP Sp SedP SedP
Source Runoff ment Tot. Range Mean Range Tot. Range Mean Range
em  tha -- kg/ha

Commercial 452 538 94 8.6-10.0 0.19 0.17-0.20 717 721-740 14.5 14.4-1438

Poultry Litter
(2 tons/A) 452 538 133 11.6-16.4 027 0.23-0.33 1978 1962-1991 39.6 57.3-60.8

(4 tons/A) 452 538 23.7 209-272 047 042-0.55 3841 3817-3876 76.8 76.4-77.5
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Table 2. Phosphorus losses from selected rainfall events (rainfall events were selected so that the
day ot the rainfall event was the same as the planting date).

Planting Event Event DEvent Event Annual Annual % of % of
Year Day Rainfall SP SP SedP SedP  SP SedP  Total SP Total SedP
mm kg/ha ppm kg/ha ppm  kg/ha  kgha

Commercial Fertilizer
1941 80 41 0.02 035 0.02 41.5 0.66 4.4 2.5 0.4
1961 91 58 0.04 030 0.05 36.0 0.22 235 16.7 0.2
1964 98 67 0.06 039 0.09 46.7 0.39 272 15.8 0.3
1970 81 82 0.12 043 0.18 51.0 0.36  26.6 33.7 0.7
1960 93 89 0.12  0.37 0.18 442 0.19 8.6 62.7 2.1
1948 92 131 0.21 0.32 0.37 38.7 0.33 6.1 65.3 6.1

Poultry Litter (2t/A)
1941 80 41 0.02 050 (.03 60.6 0.13 11.8 18.1 0.2
1961 91 58 0.08 0.65 0.12 78.1 0.50 693 163 02
1964 98 67 0.11  0.67 0.16 80.3  0.20 742 545 0.2
1970 81 82 0.20 070 0.30 83.4 0.45 759 435 0.4
1960 93 89 0.20  0.65 0.32 776  0.25 24.0 833 1.3
1948 92 131 037 056 0.64 669 046 19.7  79.5 3.3

Poultry Litter (4 ¥/A)
1941 80 41 0.05 0.99 0.06 118.7 0.22 195 213 0.3
1961 91 58 0.16 1.30 0.23 1557 086 136.2 189 0.2
1964 98 67 0.21 1.33 0.31 159.3 044 1411 480 0.2
1970 81 82 039 1.39 0.59 167.2 094 1465 420 0.4
1960 93 89 040  1.27 0.62 1527 049 49.1 829 1.3
1948 92 131 0.73  1.10 1.28 1325 0.9¢6 39.1  76.0 3.3

Table 3. Maximum 1-d rainfall amounts for selected recurrence intervals at Tifton. Georgia (Sheridan,
ctal., 1979).

Recurrence Maximum 1-d Rainfalt
Interval March April
Year mm mm
2 41 39
10 81 84
25 91 110
50 117 135
100 132 152
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Figure 1. Gumbel extreme-value distributions of annual phosphorus losses (SP in runoff) for the
inorganic fertilizer and poultry litter (9 tons/ha).
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Figure 2. Gumbel extreme-value distributions of annual phosphorus losses (SedP in runoff) for
the inorganic fertilizer and poultry litter (9 tons/ha).
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MODELING ON CLOSURE DISCHARGE OF THE MAIN STREAM OF TGP

By Chen Songsheng, Senior Engineer, Bureau of Hydrology, CWRC, Wuhan, China;
Zhang Xuecheng, Engineer, Bureau of Hydrology, YRCC, Zhengzhou, China

Abstract: In this paper, the change tendency of flow discharge at the closure mouth section
during river closure of the Main Stream of TGP is studied with applying conventional
hydrological measurement method. It is dangerous and difficult to measure discharge at narrower
closure mouth cross section along with the progress of closure of the main stream. However, as
the process of river closure is continuously developed, the evaluation of the closure mouth cross
section can be considered from trapezoidal weir or broad crest weir to V shaped broad-crest weir,
V shaped weir. Based on submerged discharge weir formulation, the mode] reflecting the
dynamic variation of the closure mouth cross section and its relation to calculating discharge is
established in this paper.

Key Words: TGP, closure discharge, calculation, closure mouth

RAISING PROBLEMS

Research on cross flow motion factors variation is the fundamental target of closure hydraulics in
the cofferdam construction progress of hydraulic project. Many valuable hydrological data have
been obtained in the past cofferdam construction progress of hydraulic project. But some
information could not be observed, so it is quite dangerous to measure discharge with applying
conventional hydrological measurement method at narrower closure mouth cross section along
with the progress of closure of the main stream. In this paper, for providing hydrological data
used in the decision process of river closure of the main stream of TGP, the closure discharge is
simulated and calculated after analyzing the possibility of obtaining analysis information under
the difficult condition by applying the weir formula.

GENERAL SITUATION OF TGP

TGP sites in Sannianping of Yichang city of Hubei Province. The watershed area is 10 million
km?” above the TGP dam site, and there is a middle-scale barrier istand dividing Changjiang river
into two forks at TGP dam site, The left fork is the maim stream channel of Changjiang river
and the right fork is called back river. At present, the vertical concrete cofferdam has been built
at the middle-scale barrier, the back river has become as the pilot open-channel and water has
passed.

In the main stream channel, the width of upstream cofferdam closure mouth gets 460m and the
width of downstream cofferdam closure mouth gets 540m.

About the pi channel: The ptlot open channel being the unique construction for flow
diversion in the process of closure of the main stream is used as the flood passage and for
navigation in the second stage progress of TGP. Design flow section is considered as lateral

compound section(figure 1).



(4)Neglecting levee seepage discharge by caving while calculating water discharge at closure
mouth.

The ulic ¢h isti u r ; In closure process, flow diversion has
been started at right pilot open channel. Inflow from Changjiang river flow toward downstream
from the pilot open channel and closure mouth. When closure mouth begins to close, flow
passing its section becomes neck current. Along with the closing progress, vertical and Jateral
contraction are taken place on closure mouth section and creating local energy loss. At the same
time, parts of potential energy becomes as kinetic energy and flow state becomes as broad-crest
weir flow state along with higher flow velocity and smaller section.

And flow on closure section becomes as three-dimensional flow along with the closing progress.
Further, water body at closure mouth is divided into backflow area, turbulent current area and
main current area by the action of the forward position of levee, Backflow is also formed at the
middle site and downstream of the forward position of levee.

After analyzing the hydraulic characteristics of whole reach in different closing periods, we
determine to apply water balance and energy balance principles to solve flow discharges passing
open channel and main canal and relevant other hydraulic factors such as water stage, velocity etc.
The basic equations are written as follows:

For water balance: Qo+ Qn=1Qq

For energy balance: AZ,=AZ,

Where Qo, Qm and Qg indicate discharges of open channel, main canal and dam site respectively.
AZ,and AZ, indicate water heads between upstream and downstream of open channel and main
canal reach respectively.

The calculation on closure mouth reach: As showed in above paragraph, flow passing closure
mouth has become as free flow, i.e., weir flow. The hydraulic calculation of weir flow is mainly
about the magnitude of flow capacity. The condition forming broad-crest weir flow is:
2.5<g/H<10, where o indicates weir top width, H indicates weir top water head.In this case, the
jacking action of weir top thickness on flow has been becomed obvious.Because flow passing
weir top is controlled by weir top vertical component, section passing flow becomes narrower
and velocity becomes higher, so potencial energy becomes lower with higher kinetic energy, thus
water surface faling on closure mouth reach is formed with local energy loss creating as flow
arrives at weir top in addition. If the downstream water stage is lower, flow over weir can take
place falling in second time. But if the downstream water stage beocomes higher, submerged
discharge can be formed with wider section.

Here, water head loss is mainly considered as local water head loss and linear water head loss can

be neglected with analyzing many experiental data.

The basic equation of weir flow: The equation can be writern as:

Q=¢edm br@ H,"?
Where Q indicates discharge; 8; indicates submergence ratio decided by submergence area and
section shape factors etc.; m indicates discharge coefficient being 0.30~0.33 if considering
lateral contraction effect; & indicates contraction ratio; br indicates the average water surface
width of closure mouth{As showed in fig.2 and 3, for submerged flow, considering weir top
water depth as downstream water depth, i.e., b=Mha+bo; for non-submerged flow, considering
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weir top water depth as critical water depth, i.e., b=Mhy+b,, if hy<h,, choosing hy); h, indicates
downstream water depth from horizontal dumping bead top site; M indicates the side slope of
closure mouth being 1.5; b, indicates the height of closure mouth bottom; H, indicates weir top
water head.

__r..r/\.. WUWNNT R EL

Figure 2. The schematic drawing of broad-crest weir submerged flow

When closure mouth section is considered as trapezoidal section, hy is calculated by
Q,”/g=W\’/Bx. Where By indicates closure mouth water surface height corresponding to critical
water depth hy, Wk indicates closure mouth section area corresponding to critical water depth hk,
Qy and hy are both determined by trial method.

When closure mouth section is considered as triangular section, hy is calculated by

hy=(2Qp /gm?)"”.
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Figure 3. The schematic drawing of broad-crest wie section and non-submerged flow
CALCULATION RESULTS

According to above calculation method and conditions, calculation results of water stages,
average velocities, the maximum point velocities, the maximum point discharges on various
sections corresponding to upstream cofferdam mouth widths being 130m, 100m, 80m and 50m
for open channel and main canal are showed in Table 1. (Notes: Suffixes a and m indicate
average and maximum.)

Table 2 shows calculation results of hydrological factors for open channel when main canal is
being closed completely in the closure progress of TGP.
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Table 1. Calculation results of hydrological factors fro open channel and main canal

corresponding various widths in the progess of closure of TGP
(1)B=130m

Discharge at open main open channel open channel main canal
damsite  channel canal flow diversion ratio dam axis imnlet

q 9 9_ H Va Vm Va Vm Va Vm
(m/s) (m”/s) (m’/s) (%) (m) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)

10400 6800 3600 65.00 66.50 1.10 132 1.57 1.88 1.64 2.79
12400 8160 4210 66.00 66.62 1.31 1.57 1.86 223 192 3.26
14600 9650 4910 66.00 66.85 1.53 1.84 1.70 2.56 222 3.77
16300 10900 5410 67.00 67.07 1.71 2.05 235 2.82 242 4.11
19700 13300 6390 68.00 67.54 2.03 244 2.73 328 279 4.74

(2)B=100m

Discharge at open main open channel open channel main canal
dam site  channel canal flow diversion ratio  dam axis inlet

q ? 9 H Va Vm Va Vm Va Vm
(m’/s) (m’/s) (m’/s) (%) (m) (m/s)(m/s) (m/s) (m/s) (m/s) (m/s)

10200 7600 2600 75.00 6652 132 148 1.75 2.10 1.80 3.06
119500 9000 2900 7500 66.64 1.46 1.75 2.07 248 2.12 3.60
14000 10600 3390 7600 6687 1.69 2.03 235 2.82 240 4.08
19200 14700 4450 77.00 67.59 224 2.6% 3.01 3.61 3.02 513
21600 16700 4910 77.00 67.93 2.50 3.00 329 3.95 3.28 5.58

(3)B=80m

Discharge at open main open channel open channel main canal
dam site  channel canal flow diversion ratio dam axis  inlet

(g ? 9 H Va Vm Va Vm Va Vm
(m’/s} (m“/s) (m’/s) (%) (m) (m/s)(m/s)(m/s){(m/s) (m/s}(m/s)

10300 8300 2000 81.00 66.54 134 161 191 229 347 3.59
12360 9960 2400 81.00 66.57 1.60 1.92 225 2.70 3.11 4.25
14368 11620 2748 81.00 66.91 1.84 221 256 3.06 2.82 4.79
16359 13280 3079 81.00 67.16 2.07 248 283 340 3.11 529
19311 15770 3541 82.00 67.64 239 2.87 3.19 3.83 3.47 5.90

(4)B=50m

Discharge at open main open channel open channel main capal
dam site  channel canal flow diversion ratio dam axis  inlet
q ? 9 H Va Vm Va Vm Va Vm

(m/s) (m°/s) (m'/s) (%) (m) (m/s)(m/s)(m/s) (m/s) (m/s) (m/s)

10003 9250 753 92.00 66.57 149 179 2.11 253 1.35 230
12047 11160 887 93.00 66.71 1.78 2.14 250 3.00 1,57 2.67
13957 12950 1007 93.00 6696 2.04 245 2.82 338 1.75 3.00
15927 14800 1127 9300 67.23 230 276 3.12 3.74 192 326
19075 17760 1315 93.00 67.74 2.68 322 355 4.26 2.15 366
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Table 2. Calculation results of hydrological factors for open channel

B=0.0m
Discharge at  open main  open channel open channel

dam site  channel canal flow diversion ratio dam axis inlet
9 9 ? H Va Vm Va Vm
(m’/s) (m’/s) (m’/s) (%) (m) (m/s) (m/s) (m/s) (m/s)
8000 8000  0.00 100.00 6642 130 156 186 223
10000 10000  0.00 100.00 66.59 161 193 228 274
12000 12000  0.00 100.00 66.75 192 230 267 320
14000 14000  0.00 100.00 67.01 220 2.64 3.02 3.62
16000 16000  0.00 100.00 6729 248 298 335 402
19400 19400 0.00 100.00 6783 291 349 382 458

22000 22000  0.00 100.00 6822 324 389 416 499
25000 25000  0.00 100.00 68.79 357 428 448 538

30000 30000  0.00 100.00 69.77 408 490 489 587
35000 35000 0.00 100.00 80.84 452 542 522 626
40000 40000  0.00 100.00 71.85 493 592 553 664
45000 45000  0.00 100.00 7289 530 636 580 696
50000 50000  0.00 100.00 7399 562 674 601 721
55000 55000  0.00 100.00 7496 594 715 624 749

CONCLUSION AND DISCUSSION

With analyzing above calculation results, we can conclude:

(1)The hydraulic characteristics calculated for open channel, main canal and closure mouth reach

in this paper are similar to results obtained by hydraulic test and simulation.

(2)Calculated results of flow velocities for open channel and main canal are similar to observed

values in 1997.

(3)Afier main canal is closed completely, in contrast natural condition, water stage-discharge
relation opposite curve for open channel moves up and approaches to natural condition.
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EFFECTS OF HYDRAULIC PROJECTS IN SAN-HUA REACH OF
THE YELLOW RIVER TO FLOODS AND RUNOFF

By Feng Xiangming, engineer, Hydrology Bureau, YRCC, Zhengzhoy, China

Abstract: The two multi-purpose reservoirs of Luhun and Guxian can basically control
the coming water from upper stream and can reduce flood peaks and flood volume of the
San-Hua reach. The effects of medium and small-sized reservoirs in the San-Hua reach to
floods are mainly function of retaining and storage and usually the function is small
Groups of medium small-sized reservoirs have greater influence to the peak discharge and
runoff volume of an individual flood and smaller influence to an individual flood of
continuous floods.

The reach between Sanmenxia and Huayuankou (San-Hua reach for short),with a area of
41,600 km?,is one of main flood yielding areas of the lower Yellow River. Up to the end
of 1991 there are 509 reservoirs set up in the area. The reservoirs have changed the
phsiographic conditions of basin of the area, and then the hydrologic situation is influenced.

| Basi jition of t! :

All of the 509 reservoirs set up from 1953 to 1991 in the area, there are two multipurpose
reservoirs of Luhun and Guxian, 19 medium reservoirs ,147 small-1 reservoirs and 341
smali-2 reservoirs, reservoir volume is 3409 million m’ The reservoirs have been set up in
which year and the reservoir volume is shown in statistical table 1.

Table 1 The Statistics Of Storage Of Reservoirs In The San-Hua Reac x10°m 3
Years | -Larse sized Medium sized Small-1 sized ___ Total
number | storage | number | storage number | storage | number | storage

1950-1959 2 0.3812 38 1.0378 40 1.4190
1960-1969 1 129 13 2.5944 58 1.7366 72 17.228
1970-1979 3 0.8755 46 1.4614 49 2.3329
1980-1589 1 1.0978 5 0.2190 6 0.3168
1990-1991 1 12¢ 1 12.000
1950-1991 2 24.9 19 3.9498 147 44518 | 168 33.3007

The distribution of the reservoirs in the area is very non-uniform. The reservoirs of Guxian
and Luhun lie in separately Luohe river and the middie of its chmmers‘t;gmem - Yihe
river ,control drainage area are 5370km’ and 3492km’Medium small-sized reservoirs
situate mainly in the lower and middle of Luohe River and Qinhe river, i.e, the reach in
Yihe river between Luhun and Longmenzhen(Lu-Long reach for short),and the reach in
Luohe river between Changshui and Baimasi(Chang-Bai reach for short),and the reach in
Qinhe river between Runcheng and Wulongkou(Run-Wu reach for short),as well as upper
the Shanluping in the channel segment of Qinhe river. The four basins area is only 30%,_
of San-Hua's, there are 13 medium reservoirs,95 smali-1 and 234 small-2 reservoirs, these
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are 68.4% and 64.6 and 68.6% in all kinds of reservoirs; the 613 million m® for total
reservoir volume is 66.7% in all of the reservoir volume.
Effects of irs to floods

According to historical data statistics, the storm centre of San-Hua reach usually
occur in the reach are four region as follows: Luanchuan . Luonan at the upper Yihe and
Luohe River, Songxian Yiyang and Xin'an at the lower and middle Yihe and Luohe
niver; Yuanqu,Balihutong m the reach between Sanmenxia and
Xiaolangdi;Jiyuan, Wulongkou at the lower Qinhe river. Luhun and Guxjan reservoirs can

control the first storm center, the groups of medium and small-sized reservoirs can control
the second, the forth storm center.

From the average annual flood peak discharge of the main control statiop in San-Hua
reach(see table 2), we know that annual flood in 1950s are larger than other years in every
station. Longmenzhen, Shanluping are 2.3 and 2.6 times of the average of years. Though
this is related with precipitation, the effects of reservoirs are important. From table 2,we
can see that the effects of the reservoirs to the controlled station of Longmenzhen and
Shanluping are more obvious than others.

Table 2 _The Average Of Annual Maximum Flood Of Main Control Station __ m’/s
Years Longmenzhen | Baimasi | Heishiguan | Wulongkou | Shanluping | Wuzhi
1950 ~ 1959 3000 3040 4290 1370 1030 1360
1960 ~ 1969 496 1530 1670 880 288 956
1970 ~ 1979 748 736 959 729 158 606
o 1030 1580 690 852 187 791
;ggg — }g:g 1320 1720 2150 058 416 928

2.1 Effects of large reservoirs to floods

Lunhun and Guxian reservoirs are large complex use ones with flood protection mainly
as well as irrigation ,power generation, water provision, fish farming etc. Reservoir
storage are 1,290 millions m* and 1,175 millions m’ respectively.

Luhun reservoir was sct up in August in 1965 there are two larger floods on 8,8,1975 and
on 8,1,1982 Flood peak discharge for reservoir inter station Dongwan were 4200 and
3500 m®/s,with subarea discharge formation reservoir inflow were 5640 and 5280m’s,as
well as design flood by the return period of in twenty years, after reservoir regulation,
maximum discharge of outflow station were 1170 and 890m’/s,the reducing rate of peak is
79.2%,83.1%.The reservoir inflow flood includes two peaks in 8,1982 The first peak
discharge is 5280m’/s,by precipitation process for from Dongwan to Luhun formation; the
last peak flow is 3500m’/s,by the peak discharRe, there is a peak only in outflow, and
maximum is orly 890m®/sDurlfig the flood, the storage of reservoirs reaches 2,120
millions and is 57.3% of the total of infldiw—3,700 m’
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Obviously, Guxian reservoir , may also decrease the upstream peak angd charge like
Luhun reservoir. With operation of the Luhun and Sanmenxia reservoirs in union, it can
improve the level of the downstream flood protection .So the two large reservoirs in the
area are important parts in downstream flood protection project system.

2.2 Effects of medium and small reservoirs to floods

The water discharge equipment of reservoirs in the San-Hua reach only have spilldoor and
no control. So the effects of medium and small reservairs to flood are mainly retaining and
storage. The use of reservoir is connected with its storage. As the statistical data of the 14
medium and small reservoirs and the operation case of the ones since 1982,the half of the
total storage can be regarded as the storage of the flood protection.

R’'m= V/A (1

in which Vm----storage of flood protection, A----the control area of reservoir. The
capacity of interception storage Rm is connected not with flood protection storage, but
with initial storage of reservoir. If amount of antecedent influence rainfall I jnfluences the
initial storage of the reservoir,

Rm=R"m(1-Pa/Im) 2)
where Im---the maximum of Pa, normal Im=90mm.

So, after long-time arid and non-rain and before the first flood during flood season, there
is no water in the reservoir, Pa~0,the capacity of interception is maximum; after one or
two flood(s),the capacity of interception reduces smoothly; after serial floods or bigger
floods, the reservoir is full basely, Pa~Im, the capacity of interception nears zero.

In order to analysis and calculate, medium and small reservoirs in every regions may be
regarded as a group of reservoirs. And use the proportion of flood protection storage of
the reservoirs group and the area in the region to describe the maximum capacity of
retaining and storage. As calculation, the capacity of interception of the reservoirs up the
Yihe Lulong reach and Danhe Sanluping reach is bigger. They are 33.2 and 34.5mm
separately. But,them of Luohe Changbai reach and Qinhe Runwu reach are smaller with
20.4 and 12.9mm separately. This is same as the result of table 3.

The influence of medium and small reservoirs to floods may also be analysised with
rainfall-runoff relation. As the calculation of every rainfall's depth of runoff and the
observation depth of runoff of the rainfall-runoff relation figure, before 1970,the deference
of the two. The average is -0.4mm;after 1970,the calcylated depth of runoff is bigger, the
average is bigger 12mm,especially two floods “75.8”,782.8” ,bigger 25.6 and 40.5mm.
This is also same as the result from the table 2 basely.

The table 3 is the calculated rainfall-runoff result of the three floods, R’ is the volume of
runoff not considered the influence of the reservoir by the forecasting figure. when the



rainfall is P, the reservoir’s interception Rr can be calculated with the case
Rr=Rm(1-¢"*™) (3)
Whrer Rm got with the case (2). The runoff Re influenced by the reservoir is

Rc=R’¢-Rr 4)
Table 3 The Calculated Rainfall-runoff Result In Lulong reach mm
Time Unconsidered | Considered Reservoirs | Restored Value
P Pa Rm Ro

yr.mo R'c | AR’ | Rr Re AR R’

758 (1983 151 734 734 ] 990 256 ) 27.6 714 20 101.0
827 12217 282 86.0 860 | 1265 | 405 | 28.2 98.3 123 1142
828 |1094| 32 | 909 | 909 | 830 [ 79 | o [ 830 | 79 90.9

The table 3 shows that;

(1) Two floods “75.8”and “82.7”,not considered the influence of reservoir, the calculated
difference R’ of runoff is bigger. The reason is mamnly that the two floods are the first one
in flood season. The antecedent influence rainfall amounts are 15.1 apd 13.6 mm
separately. It 33 very arid. So, the capacity of interception of reservoir is very big. As
calculation, its depths of runoff of interception are 27.6 and 28.2mm separately, near its
maximum of capacity of interception 33.2mm. Considered the effect of the capacity of
the reservoir’s interception, the calculated difference of depth of runoff reduces greatly.

Using the formula R’=Ro+Rr, the observed runoff depth (Ro) could be restored to
natural one (R’), and be drawn on the relationship curve: R=RP,Pa),just as the dot A’ and
B’. The Figure shows that the simulation result A’ and B’ are better than A and B. It also
shows that the influence of the reservoirs is the main reason which the observed runoff

depth is less than that in the past.

(2) For the “82 8” flood, the runoff depth (R’c) which the influence of reservoirs are not
considered corresponds to the observed value (Ro) well. That indicates the influence of
reservoirs is small. This flood is the consistent one followed “82.7” flood, so the soil
were very humid (Pa=81.4 mm, is close to its maximym 90 mm),and all RSt TESErvoirs
were full.

It is worth mentioning, moderate and smal! reservoirs can play great role in retaining flood
for normal rainfall, but because of the flood protection standard of these reservoirs are not
high, and the management is not better, so the probability which increase the flood peak
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discharge if the large storm will be met and the reservoir will be dam-break. Is not to be
ignored.

3 _Effects of reservoirs to gnnugl runoff

The influences of reservoirs to annual runoff are not obviously like those to flood
mentioned above. But the law which the building of reservoirs decreased the annual runoff
of the basin is right, It may be seen from tablc 4 that. under the condition of the annual
precipitation were very close, but the annual runoff decreased progressively with rears,
That illustrates although the precipitation is the main factor of forming runoff, the reason
which runoff decreased much more is chiefly due to the influenge of reservoirs.
Reservoirs have begun to affect annual runoff at 1970s, this is identical with the time of
building reservoirs.

Table 4 The Statistics Of Precipitation And Runoff
I 1

HeishjgpanjLuohe River) Wuzhi(Qinhe River)
B P(mm) R(x10'mm) | P(mm) | R(xl O'mml)
1950 ~ 1959 680.1 41.73 646.5 16.16
1960 ~ 1969 653.5 35.48 650.3 14.03
1970 ~ 1979 624.8 20.46 594.9 6.15
1980 ~ 1989 678.8 299 590.6 5.41
1950 ~ 1939 6593 3189 620.6 | 10.44
=y,
4 _Conclusion

(1) The two multi-purpose reservoirs of Luhun and Guxian can basically control the
coming water from upper stream and can reduce flood peaks and flood volume of the San-

Hua reach.

(2) The effects of medium and small-sized reservoirs in the San-Hua reach to floods are
mainly function of retaining and storage and usually the function is small

(3) Groups of medium small-sized reservoirs have greater influence to the peak discharge
and runoff volume of an individual flood and smaller influence to an individual ficod of
continuous floods.

(4) The influence of reservoirs to annual runoff is very complicated , its influence
obviously began at 1970s.
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RESEARCH ON FLOW CUT-OUTS IN THE LOWER YELLOW RIVER

By Waung Ling, Engineer, Hydrology Bureau, YRCC, Zhengzhou, China; Lin
Yinping, Engineer, Hydrology Bureau, YRCC, Zhengzhou, China;
Chu Yongwei, Engineer, YRCC, Zhengzhou, China; Cui Qing,
Engineer, YRCC, Zhengzhou, China

Abstract: The flow cut-outs in the lower Yellow River are becoming more and more
serious since the beginning of 1990s. This has drawn much attention and concern from all
walks of life. Flow cut-outs have reflected the deteriorating situation caused by the
contradiction between supply and demand of water resources. It is one of the latest and
most notable problems we’re meeting in development and regulation of the Yellow River.
The Yetlow River Conservation Commission has given top priority, Some measures have
been taken in order to alleviate the bad effects that flow cut-outs have brought,
meanwhile we are making a good study of this phenomenon, locking into the causes,
analyzing the effects so that we may adopt effective measures to alleviate the situation
and bring it under control.

1. Situations and characteristics of flow cut-outs
1.1 General Circumstances

In the past, the cut-outs of the lower Yellow River seldom taken place except damning
the flow by SanMenXia Project at ice period in 1960. Frequent cut-outs began in
seventies, From 1972 to 1996 flow cut-out had taken place in 19 years, by the average
of four times in five years. Analyzing the observed data at Li Jin station, 57 times flow
cut-outs had taken place in 19 years, the total days were 682, by an average of nearly
36days a year. Within them, the longest days was in 1996 which occupied the time 37%
of the whole year. The longest reach was in 1996, i.e.,683 km from the mouth to
Chengiao which occupied 87% of the whole length of the low reaches.

1.2 Flow Cat-out Characteristics

From the statistic results, flow cut-outs characteristics include: In sixties and seventies,
13 years, totaling 191 days experienced cutouts at Lijin station site by an average of 15
days a year. In the 1990s, flow cut-outs has taken place six times in seven years at Linjin
station site, totaling 491 days, by an average 32 days a year, nearly five times longer than
that of 1960s, 1970s. In general, flow cut-outs in the lower Yellow River start from the
mouth toward upper. The average length of cut-out is 242km in the 1970s, 256km in the
1980s, and has come to 392km in 1990s. The positions which cutouts frequent are located
near LuoKou station site. The annual average length (about 295km) is slso at LuoKou
station site. So the river reach from Luokou down wards is quite vulnerable to cut-
outs.Before nineties, cut-outs were liable to appear in mid-April. In the whole year, cut-
out did not last more than 3 months, usually in May, June, and July, nearly occupying
86% of the total cut-out period. In the 1990s, cut-outs have been become earlier, about in
mid-February. The cutouts in the whole year may last as long as six months, ¢.g., in 1996.
Flow cut-out period is extended from March to July, holding up 92% of the whole period.
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And flow cut-outs taken place is whole in June appeared in four years. In the 1970s,
1980s, only when monthly average discharge at HuaYuanKou station was less than
750m’/s, cut-outs would take place. But in the 1990s, even monthly average discharge
increased to 1100m’/s at HuaYuanKou station, cut-outs are still liable to appear.

2. Mai ing fl .

2.1 The poorer water resources in Yellow River are an important factor affecting
fast growth of water demand.

The most areas in Yellow River basin belong to arid or semi-arid. The total area of the
Yellow River basin is 795000km’, taking up 8% of China. The average natural annual
inflow is 58 billion m’, only occupying 2% of the total in China. The average water
consumption per person is 593m’, which is 25%of national average level. The average
water use for one Mu cultivated land is 324m’, only 17%of the national average level. A
lot of water conservancy projects have been implemented since the founding of the
People’s Republic of China, 3138 Reservoirs at different scales have been built on the
branches and tributaries. The total reservoir capacity is 58.3 billion m’. We also have
finished 9800 diversion projects;, 23600 water-lifting works and 378000 motor-pumped
wells. 122 stations for water-lifting, diversing, conveying have been built up in the lower
Yellow River in order to diverse water to meet the demand of Hai River and Huai River
areas. All these have provided the basic and fundamental facilities for development and
utilization of water resources. They have played a very important part in pushing on
social and economic development.

From statistic results, water consumption of the Yellow River for cultivating Jand, urban
daily life, industries, and agriculture has been increased from 12.2 biilion m® in the 1950s
to 30 billion m* in 1990s, roughly 1.6times. 33.4 billion m’ in 1989 made the highest
record. At present, the percentage of water resources utilization has exceeded 50%, which
is higher, compared with many other large rivers at home and abroad as well. The
regional distribution of water utilization is: In the upper reaches, the annual water
consumption has increased from 7.3 billion m® in the 1950s to 13.2 billion m’® in the
1990s, 0.8 times. In the middle reaches, it has reached 6 billion m’in the 1990s from 3
billion m® in the 1950s, it is doubled. In the lower Yellow River, in the nineties the annual
water consumption has come to 10.8 billion m* from 1.9 billion m* of 1950s. The water
supply of the Yellow River is mainly for agricultural irrigation, which holds up 90% of
the total water consumption. The irrigation area depending mainly on the Yeliow River’s
water has extended from 21.04 million Mu of 1950s to 73.06 million Mu in the 1990s. In
the upper reaches, 12.2 million Mu in the 1950s has been increased to 19.73 million Mu
in the 1990s; in the middle reaches, 6.34 million Mu to 20 million Mu; in the lower
reaches, 4.50 million Mu to 33.34 million Mu.

The fast-growing water consumption and pressing water demand for irrigation by the
regions and areas along the Yellow River had made the contradiction of supply and
demand from bad to worse, and the Yellow River even poorer in water resources. This is
the major reason accounting for the cut-outs. Especially, in the regions of the lower
reaches, the total irrigated land relaying on the Yellow River exceeds 35 million Mu.
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There have 122 diversion works. The originally planned diversion capacity is 4000m’/s,
excessively surpassing the water supply capacity of the Yellow River. In the 1990s, the
water resources of the Yellow River temibly lack. The continuous dry climate often
strikes the regions in the low reaches. So cut-outs are becoming more frequent, more
serious day by day. In seventies and eighties, the scale of the cut-outs in terms of time,
frequency and length were comparatively lower. However, in nineties, in order to
alleviate the pressing situation caused by water deficiency, the regions and areas in the
low reaches begin to store water in winter. They call the Project “Store in Winter, Use in
Spring”. This has inevitably aggravated the tense situation even in non-irrigating seasons.
This also accounts for the deteriorating cut-out situation,

2.2 Decreasing natural runoff amount and decreasing rainfall

Statistics show that rainfall is decreasing along the Yellow River reaches from 1990 to
1995. The annual average rainfall from HuaYuanKou uypwards is 388mm, taking up §9%
of the previous years’ average level. In the regions from HuaYuanKou downwards, the
yearly average rainfall is 635. lmm, occupying 93.4% of the previous years’ average level
In fifties, the rainfall and runoff quantity of the Yellow River almost reached the average
level of recent years. Their changes had seldom affected by human activities. So the
practical tests and statistics of 1950s and 1990s can act as a foundation for comparing and

analyzing.
2.2.1. The runoff at LanZhou statjon

The annual runoff amount of 1990s has reduced by 3.86 billion m’ compared with that of
1950s. 2.67 billion m’ is lost, due to decreasing rainfall and vapouring. This does not
include 1.19 billion m® of additional water consumption for industries and agriculture. As
a result of the regulation of the LonYang Reservoir and the LiuJiaXia Reservoir, the
runoff amount of 1990s in non-flood seasons is increased averagely 4.07 billion m’
compared with that of 1950s.

2.2.2 The runoff at HeKouZhen station and water utilization at LanHeQuJian

The runoff of 1990s at HeKouZhen is reduced by 6 94 billion m* , compared with that of
1950s. This is mainly due to the flow of 3.86 billion m* lost at LanZhou, and additional
water use of 3.08 billion m® between LanZhou and HeKou reach. Thanks to additional
4.07 billion m* of water supply by the regulatin of the LongYan Reservoir and the
LiuJiaXia reservoir, and also additional 2.7 billion m* of water consumption for industries
and agriculture at LanHeQiuJian, so the wate discharge at HeKouZhen in non-flood
seasons (mainly in April) , has increased 1.37 billion m® in the 1990 s compared with
that of 1950s. But the water discharge at HeKouZhen in flood seasons has decreased by
an average of 8.31 billion m® in the 1990s, compared with that of 1950s. This also has
affected the sediment transport in the lower Yellow River.

2.2.3 The runoff at HuaYuanKou station are decreased by an average of 19.45
billion m® per year, compared with that of 1950s.
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The middle reaches regions from HeKouZhen to HuaYuanKou, the inflow is reduced by
12.51 billion m*. This does not include 6.94 billion m’ lost at HeKouZhen. All this are the
results of runoff decrease in the regions of the middle reaches and fast-growing water
consumption for industries and water preservation in the 1990s. on the base of statistics
concerned, water consumption growth of 3.07 billion m® in the middle reaches in nineties
compared with that in fifties is due to fast-growing water demand of industries and urban
daily life. The reduction of 9.44 billion m® is mainly caused by little rainfall or some
other reasons.

In contrast to the runoff in the 19503, the annual runoff amount at HuaYuanKou station is
reduced by 19.45 billion m®, among which 17 billion m’ is lost in flood seasons. The
runoff reduction at HeKouZhen and HeHuaQuJian is 8.31 billion m® and 8.69 billion m’
respectively. In non-flood seasons, the water flow decrease is 2.45 billion m’, among
others, the runoff at HeKouZhen increased by 1.37 billion m®. There is 3.82 billion m’
water lost between Hekou and Hua yuankou reach.

2.24 in the areas along the lower Yellow River, from Huayuankow downwards,
water consumption is growing very fast in the 1990s in contrast to that of 1950s.

The annual average increased water amount is 10.96 billion m* among which, 8.15 billion
m’ is in non-flood season, 2,81 billion m’ in flood seasons. The above analysis results
show that the runoff at Huayuankou station in non-flood seasons in reduced by 2.45
billion m* in the 1990s, compared with that of 1950s. the wate consumption demand in
the regions from Huayuankou downward is increased 81.50 billion m’. All this is the
major reason accounting for the pressing situation of supply and demand of water
resources and the frequent cut-outs in the lower Yellow River.

2.3 There was no a more unit integrated system for water resources regulation and
management

The Yellow River is the most important water resource for North China and northwest
China. The development of the Yellow River has piayed a major part in accelerating
national economy and social progress of the provinces along the river, At the present,
different departments, different regions and different provinces respectively administrate
some backbone engineering and large irrigation projects. There has not an unit regulation
and management system, which closely and uniformly integrats the central administration
with the local one. So it is quite difficult to take the whole situation into consideration
and plan accordingly. As there has no effective regulation and management for the
backbone engineering and major diversion works, so long as dry climate comes water
resources will be in short supply, sometimes may even result in water waste. All these
account mainly for the recent cut-outs.

3. The effects of the cut-outs and the countcrmeasures to deal with the situation
Water resources development and utilization of the Yellow River have played an

important role in boosting the economy of the provinces along the River. However, the
limited water resources can not meet the fast-growing demand. Frequent cut-outs have
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brought tremendous loss to the regions along the reaches, especially to industries and
agriculture. The bad effects may be brought upon flood prevention and ecological balance
of the delta at the river mouth.

3.1 The cui-out effects

To date, the cities, which depend on water supply of the Yellow River are Zhengzhou,
Xinxiang, Kaifeng, Puyang in HeNan Province, Heze, LiaoCheng, Jinan, Dezhou, Zibo,
BenzhouDongying in ShanDong Province, also the ZhongYuan Oil Field, and the
ShengLi Qil Field. Some preliminary investigations show that industrical and agricultural
loss Cincluding the loss of the Qil fields) brought by the cut-outs and water deficiency in
the lower Yellow River during the 1972-1996 period is 26.8 billion yuan, by an average
of 1.4 billion yuan per year. In seventies and eighties, the annual average loss brought
upon industry and agriculture in the lower reaches by the cut-outs is 400 million yuan. In
nineties, the cut-outs have become more serious, the annual average loss has reached 3.6
billion yuan. Agriculture loss holds up 45.5% of the total loss. 70.42 million Mu of
irrigated land is attacked by drought, reduction of output is 9.86 kg. Let’s take 1995 for
example. Linjin station experienced three times of cut-outs, totaling 122 days. Luokou,
Aishan, Senkou, Gaocuen, Jiahetan tation also experienced cut-outs of respective 77
days , 62 days, 52 days, 8 days and 4 days. This year, 19 million Mu fields were stricken
by drought in the lower Yellow River. The output was decreased by 2.7 billion kg.
Investigation shows that 300000 Mu rice fields in Dongying, 100000 Mu in binzhou had
failed to be transported rice seeding due to water deficiency, 850 million m’ of water
failed to be diversed into Dezhou, so wheat output was cut down by 3400 million kgs. In
Puyang, due to the cut-out, wheat output was reduced by 6.14 million kg. 200000 Mu of
rice fields failed to be transported rice seeding on time, the farrers had to plant some
other corns instead of rice. In Dezhou city, water supply for daily life was shrunk from
120000tans per day to S0000 tons per day. There had 139 factories that had to close down
or reduce their production. The economic loss is 600 million yuan per year Dongying
city and the Shenli Oil Field had the Pingyuan reservoir to depend upon (storage
capacity is 484 million m*) , but due to the long time cut-out, water demand of 32 million
m® was still in short for industries. Most of the factories had to stop production.
Economic loss had reached 960 million yuan. As the Shengli Oil Field lacked 2600000
m’ water, its crude oil production was cut down by 300000 tons. In Dongying city,
Binzhou city and Dezhou city, on account of the pressing shortage of water, 100000
people had to be supplied with limited amount of water, at a fired time every day. The
residents had to queue up at a public tap, waiting for their shares of water. This had
disturbed the residents’ normal life and normal working and meanwhile brought
unstability to society. Cut-outs make great impact environmental ecology in many ways.
And the effects would be gradual, potential and irretrievable. So we should take it
seriously and attach great importance to it. Runoff decrease and cut-outs of the Yellow
River in non-flood seasons will make impact on environmental ecology in the following
two aspects,

3.1.1 Water quality environment is deteriorating



Runoff amount of the Yellow River is decreasing, but the polluted and waste pouring in
the Yellow River is increasing every year. And this has weakened the Yellow River’s self-
cleaning capacity. In 1993, waste discharge from citeis and towns along the reaches was
increased 60%, compared with that in early eighties. The pollutants form the branches of
the Yellow River doubled or even more. Formerly, the water flow from Tongguan and
Huayuankou was good and clear, now , is becoming worsen and difficult to meet water
quality requirements. The most worrying thing is even when cutout come, sewage
discharge is still going on. For example, in June 1996, after 40 days’ cutout near Jinan,
the flow that people had long hoped for finally resumed. To their great disappointment,
the water was not so clear and sweet as they had expected, the flow was blackened, on
which were floating white foams and dead fish, smelling foul and terrible. Evidently this
was the results of sewage and polluted water discharge from the upper reaches. In recent
years, the kinds and types of fish in the lower Yellow River are shrinking rapidly, some
even to extinction. And this has close connection with cut-outs and water quality.

3.1.2 Ecological envirenment of the river mouth delta is becoming worsen

Agricultural development zone at the Yellow River Delta is one of five newly built
granaries in China. It is also an important protection zone confirmed by “ China
Protection Project for Biology Variety”. It owns the international standard wet land, water
ecological system and ocean-coast ecological system. Because of the frequent cutouts in
the lower Yeliow River and runoff decrease and sediment, agricultural development of
this zone is badly affected, and rulnerable to sea tide attacks and salinization, grass strip
at the delta would be degenerated into saline strip. This is quite disadvantageous to
grassland ecology and presumably give rise to biological resources decline and species

composition changes.
3,2, Counter-measures to alleviate cut-outs

3.2.1 To reinforce an unit regulation rand management system for water resources of
the yellow River

To date, diversion capacity of the Yellow River has far surpassed its water supply
capacity in non-flood seasons. With the economic development in the upper and middle
reaches, water demand will continue to rise. Water quantity to the lower reaches will
continue to decline. In order to made the greatest advantage of the limited water resources,
obtain overall benefits and alleviate cutouts in the lower of Yellow River, it is
indispensable to implement an overall regulation system to controi the total water amount
and manage by different administrative levels.

3.2.2 To adopt effective measures and to economize on water

many irrigation zones along the Yellow River were buiit up in fifties and seventies. Due
to a variety of reasons, the engineering standards were very low, conveyance systems
were not very complete, and irrigation methods were out-of-date. At present, the
conveyance area of the total irrigation zone in the upper and lower Yellow River has not
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reached 20% of the planned goal. Some irrigation zones only have the main conveyance
engineering without branches. Some even has not the key buildings on the main canals
Some 1irrigation projects were finished some 30 years ago, seriously deprecatory and out
of repairs. Investigation shows depredation percentage of the major irrigation zones has
reached 28%-42%, depredation percentage of the channeis and canals is 38%-70%. Water
resources have not been effectively utilized and waste of water is quite serious due to
mismanagement. In some areas, irrigation water per Mu is high up to about 700 m’, but in
some other economical area, only 200m’ per Mu. From this, we can see clearly the water
resources potentiaiity.

In order to make good use of the limited water resources of the Yellow River, prevent
unnecessary waste, first of all, we must attract more investment to improve save-on-water
facilities of the irrigation zone. Water user, provinces and our government should make
their own shares of investment contributions to accelerate the improvement of save-on-
water technique and water conveyance facilities. Secondly, the non-gratuitous utilization
system for water resources should be implemented as soon as possible. Law in order to
develop and utilize the limited water resources reasonably and economically should
impose reasonable fees. Thirdly, the confirmed prices should be reasonable, the diversion
water should be well regulated.

3.2.3 To strengthen Scientific Research

The factors that make great impact on development of the Yellow River are multiplex and
complicated. We should strengthen scientific researches, organize unified research centers.
Some governmental departments concemmed should organize sciemtific researches and
made joint effects with local governments to push on the development and utilization of
the Yellow River. At present,we have a lot to do in many scientific fields, for example,
combination utilization of underground water and surface water, in some irrigation areas,
implementation and population of save-on-water measures, reasonable regulation system
for water inflow in the regions from Sanmenxia downwards in non-flood seasons;
maintenance of the minimum inflow to the sea at river mouth areas.

There are vast lands and rich in mineral resources in Yellow River basin. The whole area
is one of country’s most potential development zones.On the long term vies point, in
order to keep up with the social and economical development, to develop northwest
China, to improve ecological environment, and to soive the problem of water shortage,
we should build up gradually a big project to diverse the water of the upper Changliang
river, to north China and meanwhile try our best to do a good job of save-on-water and
reasonable regulatin of water.

Note: one hectare=15 Mu

Address: Hydrology Bureau, YRCC, No.12 Chengbei Road,
Zhengzhou, China

Phone Number: 86-0371- 6303419

Postcard: 450004
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A COMPREHENSIVE SUMMARY ON THE STUDY OF FLOOD STOCHASTIC
SIMULATION FOR THREE GORGES PROJECT

By Xiong Ming, Hydrology Bureau of Changjiang Water Resources Commission, Wuhan,
China; Ji Xuewu, Hydrology Bureau of Changjiang Water Resources Commission, Wuhan,
China

Abstract: In the planning and design of Three Gorges Project (TGP),to investigate the regional
composition of design flood on TGP, the effect of proposed upstream (stem and tributaries)
reservoirs on TGP, and the flood control benefit of Three Gorges reservoir (TGR) on midstream
and downstream reaches, on the basis of existing short series observations and making use of the
stochastic characteristics of flood variables, the flood stochastic models had been established
separately for Yichang station or the representative station for Three Gorges damsite ,the
intervening area from Pingshan to Yichang or above the damsite ,the intervening area from
Yichang to Chenglingji or below the damsite ,and the intervening area from Cuntan to Datong
including the damsite. The models used were many and varied as many as possible, in which
both the autoregression mode! and temporal disaggregation mode] for single site ,and also the
autoregression model and spatial disaggregation model for muiti-site had been used. Only by the
establishment of these models ,can it be possibie to work out the computation for the effect of
cascade reservoirs on the design flood and the flood control benefits from flood control system
formed by the reservoirs, dykes an d flood diversion or storing works which were difficult to be
performed by the representative year method of design flood. A pragmatically conclusion. such
as the effect of upstream reservoirs {stem and tributaries) after construction of projects on the
inflow flood of TGR, and the significance of TGR on the regulation of flocd control at
midstream and downstream reaches had been found ,providing an important basis for the design
of TGP.

INTRODUCTION

Long series of flood data will have a particular significance for the design flood analysis on TGP

and the effect of TGR on midstream and downstream flocd control system. However, due to the

limited length of observed flood data series » the requirement of planning, design, operation and

management of TGP can not be satisfied. the following methods are being used generally for the

planning and design of the project nowadays: (1) Measured representative flood year method ;
(2 ) Frequency flood year method ; (3 ) Measured flood data series method.

The above three methods used for determining the design flood will all have some definite
deficiencies .In recent vears, with the aid of statistic trial method, although the data series is short,
as applying the stochastic characteristics of flood variables, the flood stochastic model can be
established and the flood process of long series for single site or multi site can be simulated. By
this method the deficiencies of short series and the complicated regional composition cen be
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avoided, so this method will have a great future.

In the design of TGP, the stochastic model method had been introduced earliest by Mr.Ding
Jing ,Ji Xuewu et, by whom the stochastic simulation of annual and monthly runoff for Yichang
station on Changjiang river in 1984 had been performed. After that,the stochastic simulation had
been gradually used for flood simulation. in the study on stochastic simulation for the flood on
TGP, aimming at the different purposes and demands, the flood stochastic models had been made
separately for the Three Gorges damsite or Yichang station, the intervening area from Pingshan
to Yichang or above the damsite, the intervening area from Yichang to Chenglingji or below the
damsite, and the intervening area from Cuntan to Datong including the damsite. the models used
were many and varied, in which both the autoregression model and temporal disaggregation
model for single site, and also the autoregression model and spatial disaggregation model for
multi site were used. Only by the establishment of these models, can it be possible to work out
the computation for the effect of cascade reservoirs on design flood, and for the flood control
benefits from the flood control system formed by reservoirs, dykes, and flood diversion or
storing works, which were difficult to be performed by the representative flood year method for
design flood. The characteristics and applications of these models are described as follows.

STUDY ON FLOOD STOCHASTIC MODEL FOR YICHANG STATION

During the middle of eighties, in the demonstration and design of TGP, using the temporal
disaggregation model, making the first trial on flood stochastic simulation. Its specific thinking
was the dividing the simulation of flood process into two parts, i.e. at first to establish an
absolute stochastic model for max. 60 days flood volume on Yichang station and then resolve the
60 days flood volume into daily discharge process by the disaggregation model.

In the absolute stochastic simulation for the max. 60 days flood volume on Yichang station, it
was suggested that the model parameter was preliminary estimated by matrix, and to be modified,
then a biased corrected formula for the parameter of P-[II distribution had been proposed. In the
correlative disaggregation model, to consider the bias characteristics of the data series, the
equation set by Todini had been first used for the computation of stochastic figure on bias
distribution.

On Yichang station there existed the continuous daily mean discharge hydrograph in flood period
and also the rich historical flood investigation data, in which the max. 30 days discharge
hydrograph for 1870 extraordinary historical flood had been estimated. Undoubtly, these
historical data was very important for the estimation of model parameter. Only by the continuous
data series, can it be capable of establishing the model, so the following method of considering
the historical flood had been proposed firstly in this study.

At first, the disaggregation model was established base on the 106 years of measured flood
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process on Yichang station, with that model the data of flood process was extended for another
723 years, together with the above 106 years of measured data and that of 1870 historical flood,
giving a total length of 830 years continuous flood data series (Long return period).Using this
data series ,the parameters for the model were estimated. Having the consideration of historical
extraordinary flood information for the method of stochastic extrapolation, it will become more
reliable on the estimation of model parameters.

In the study,altogether,400 sets of flood process were simulated with a series length of 106
years .After determining the mean value and variance of the main statistic parameters by the
computation for each set and compared with the main parameters in historical series, it was
deemed that the flood process on Yichang station simulated by disaggregation model was
adequate, of which the accuracy was relatively high, and the simulated flood process will provide
a certain reference value to the hydrological design of TGP.It was also considered that the flood
stochastic simulation for Yichang station was a successful trial, and the frequency calculation
was only a simplest special case for the stochastic simulation.

STUDY ON FLOOD STOCHASTIC SIMULATION FOR
THE INTERVENING AREA FROM CUNTAN TO DATONG

In order to study the flood control benefit of TGP on the midstream and downstream Changjiang,
a study on flood stochastic simulation at multi site for the river reach from Cuntan to Datong
including the damsite was arranged. According to the following principles, the above river reach
for flood simulation was divided:(1)Considering the demand on flood control
computation;(2)Distribution of hydrometric stations;(3)Demand on interpolation of discharge
process on interval area:(4)The division of river reach being as simple as possible.

It was considered in the study that mostly the flood data series can not meet the need of normal
distribution, but the statistic circle had provided a complete set of theory for the normal
distribution, therefore the flood stochastic variables of abnormal distribution were transformed
into that of normal distribution, and then according to the theory of normal distribution, the
manipulation was performed. This, after all, was an effective way of manipulation. In this key
project, through a large amount of analysis and investigation, a perfectly new conversion method
was advanced, and the convertion equation was obtained as follows:

y=Sign [ In(x-a)] * | In(x-a) |’

in which, x is the criginal sequence; y is the sequence for normal distribution after conversion;
A is conversion exponent; a is the lower limit for the value x.

The significant advantage is that if the value of lower limit is ensured to be smaller than zero, the
ratio of Cs/Cv will not be strictly limited and in general case the original sequence can be
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converted into normal distribution sequence.

In this study, the simplification had been made on two ways for multi-dimension unsteady
autoaggregation model. and the particle models applicable to Changjiang river (the large river)
and reflecting the temporal and spatial charactenistics of regional flood had been established, i.e.
The multi-dimension unsteady autoregression mode] and the mixed regression model. The
equation for estimating the least square parameter of multi-realities on steady autoregression
model was derived, giving an equation for estimating the parameters of different lengths which
will have the widely spreader value for application. Furthermore, the test on the steady field of
parameter for the three order steady autoregression model selected was firstly performed, solving
a difficult and unsettled problem on the steadiness of steady autoregression model that had been
remained for more than one year. A universal form of considering the unsteady characteristics on
autoregression coefficient for the mixed regression model was proposed, and also the equation
for estimating the parameters of mixed regression model was derived.

In performing this key project, a concept that the model and simulation result should be widely
and comprehensively examined was suggested and realized, including:(1)The characteristics of
residual error for the model;(2)The hydrological charactenistics of simulation result;(3)The
principle of a least number of model parameters;(4)The effectiveness of model application.

The work amount of statistic for examination was seldom seen at home and abroad, especially,
using the long series data of the control station on Changjiang stem creatively to make the
comparison in the examination, the reasonableness and reliability of simulation result had been
significantly tested and verified. It is shown by the examination that the simulated flood had
reflected the main stochastic characteristics and the other characteristics of flood for this region;
the adequate number of parameters; stable model; and the flood hydrograph comforting the
inherent properties of natural flood. The verification by the experts firmly believed that this
achievement had come up to advanced world standard, of which some parts were at the
international leading position, which can be taken as the basis of computation on flood control
benefit for Changjiang flood control system. There after, this achievement had been widely used
in the computation on Changjiang flood control benefit, which gave a satisfactory result.

STUDY ON FLOOD STOCHASTIC SIMULATION FOR THE INTERVENING AREA
FROM PINGSHAN TO YICHANG OR ABOVE THE TGR

A problem that whether or not the reservoirs on upstream Changjiang and its tributaries can
replace the flood control function of TGP was proposed by some related experts, thus a research
subject “ The effect of constructed TGR and the upstream reservoirs on the inflow flood of
TGR ” was carried out by Hydrology Bureau of CWRC. To study this problem, three methods
were used, such as regional computation method, frequency combination method. and stochastic
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simulation method.

Some large size reservoirs which had played the flood control role, i.e. One reservoir on
Yalongjiang river;two on Jinshajiang river, one on upstream Minjiang river; two on Daduhe river;
three on Jialingjiang river; and five on Wujiang river had been planned to be constructed on the
upstream river reaches of Three Gorges. Because the distribution of upstream reservoirs was
scattered and each tributary had several reservoirs, of which the independent flood regulation was
restricted by the limitation of data, as a result, a scheme of concentrated flood regulation for the
reservoirs on each tributary was adopted: i.e. The cascade above Jinshajiang was concentrated at
XiangJiaba, controlled by Pingshan station; that on Daduhe and Minjiang were concentrated at
Gongzui and Zipingpu, using the data at Tongjiezi and Zipingpu; that on Jialingjiang was
concentrated at Tingzikou, of which the data was used; and that on Wujiang was concentrated at
Pengshui, the data at Wulong was used. The selection of flood stochastic model, the
preprocessing of basic data and the estimation of model parameter were the same as that for the
method of multi-dimension steady autoregression model introduced on the above paragraph. The
following indirect method was used for determining the inflow flood of TGR. At first, a
sufficient length of flood data series for each site intervening area was simulated by the
stochastic simulation method, and then the simulated flood data series of each reservoir control
station was routed along the river course to the downstream inflow stations of TGR, Cuntan
(stem) and Wulong (tributary) stations, superposing with the simulated flood data series on
uncontrolled intervening area, a long data series of inflow flood hydrograph for TGR was
determined. If the flood process of each reservoir station had not been regulated yet, the resuit
obtained will be the matenal reservoir inflow flood hydrograph of TGR as after superposition,
and if it had been regulated, that reservoir inflow flood hydrograph will be the one being affected
by the upstream reservoirs.

The following principles should be considered for the flood control regulation of upstream
reservoirs on stem and tributaries:(1)In accordance with its own flood control demands to make
the downward releasing;(2)Guaranteed output of each power station itself can not be
deteriorated;(3)Stepped regulation is adopted, and the flood control capacity reserved is divided
into three steps for each reservoir (equivalent to 5%, 1%, and 0.1% respectively):(4)Assuming
that each reservoir is at the limit water level for flood control, as the inflow is less than or equal
to the probable max. releasing discharge, the discharge released will be made as the same value
as the inflow, as the inflow is greater than probable max. releasing discharge of flood control
limit, the operation is performed by a method so called “ cutting and leveling the peak ” .

It was proved by this achievement that there will be the effect on inflow flood of TGR after the
construction of upstream reservoirs. Betause the flood occurred time of each tributary was not
the same, the amount was also not the same, the flood was regulated individually for each
tributary, and there was a function of inter-compensation between the reservoirs, resulting that
for some reservoirs there was no flood to be regulated and for some there will be full filling
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causing the disaster, it was shown that the regulation function of the entire controlled area was
not significant. As a result, a conclusion was given that there will be the effect on inflow flood of
TGR after the construction of upstream reservoirs, but it will not be significant.

In this study, the regional composition of flood upstream of Three Gorges and the effect of
upstream reservoirs after construction on the inflow flood of TGR had been approached by the
methods of flood regional composition method and frequency combination method. The results
obtained from the above two methods were consistent to that from stochastic simulation method,
while the later had overcome the deficiency on the restriction of representative process on the
above two methods, giving a possibility of solving the problem on the encounter of complicated
flood composition, and it will be the method existing a great future for determining the stepping
inflow flood of reservoir. By this method the problem on inflow design flood of reservoir was
being studied for the first time at home and abroad.

STUDY ON FLOOD STOCHASTIC SIMULATION FOR THE DAMSITE
OF TGP AND THE INTERVENING AREA FROM YICHANG TO CHENGLINGJI

The major region for flood control on Changjiang is Jingjiang region on midstream Changjing, as
it relates to the inundation of 18 million mu of farmland on both banks of Jingjiang,t he safety of
more than 10 million people, and also the development of national economics. For this reason, in
the flood control system on Changjiang,in order to investigate the flood control effect of TGP on
the midstream and downstream Changjiang especially Jingjiang reach, a large amount and long
series of flood data are required, including the flood hydrograph on TG damsite and the inflow
hydrograph on the midstream control station and on the reach above the flood control sites.
According to the basic condition, and the demands on flood control regulation of TGP, the study
on flood stochastic simulation for the intervening area from Yichang to Chenglingji was
performed including the following seven stations and intervening areas such as Yichang;
Xiangtan; Taojiang; Taoyuan and Sanjiangkou stations; areas from Yichang to Shashi and of
Dongtinghe.

Due to the complicated relation of water flow between Changjiang and Dongtinghe lake and the
large amount of flood volume diverted and storage by the embankments on the intervening area
from Yichang to Chenglingji, the flood routing will have been affected. According to these
characteristics, the flood stochastic simulation for the intervening area from Yichang to
Chenglingji was made by two steps. At first the total inflow at Luoshan was simulated by the
steady autoregression model, and second, using the spatial disaggregation model, the total inflow
at Luoshan simulated had been resolved into each station or area.

The model of total inflow at Luoshan was selected and determined as the four order steady

autoregression model. The general form of disaggregation model had been expended by multi
site model, both considering the characteristics of even distribution between the total amount and
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the partial amount and also considering the correlation between each partial amount as the time
delayed=1

Y ,=AX, +B¢&, +CY,-,

The expending equation for estimating the parameter of disaggregation model had been
derived. A great amount of examination had been made for model parameter and simulation
result, by which the flood control effect of TGP on midstream and downstream Changjiang was
determined. In the study two plans were adopted in flood control regulation for TPR: the first one

was to use the compensated regulation for Chenglingji, and the second was to use compensated
regulation for Jingjiang.

It was shown by the simulated 6000 years flood process and its flood regulation result that for the
plan of compensated regulation at Chenglingji, TGR will have a definite reduction effect on the
flood in different frequencies. It can be seen from the case of long-term annual average, that as
for the max. one day flood,1.212 billion m* of water volume was reduced by TGR, convertion

to water discharge being 14000m’/s.It can also be seen that the peak reducing ability was
considerably great, and as the increase of time interval,the amount reduced by TGR was also
increased, but the percentage was gradually decreased from 23.7% for max. 1 day to 8.3% for
max. 60 days, conforming to the regularity of flood control regulation. As for the meeting a
thousand years flood, the peak reduced was only 81 million m’ or 7880m’/s of discharge
converted. The reducing amount was less than that for long-term annual avarage, while the
reason investigated was that a great part of capacity was filled by the compensated regulation at
Chenglingji in the antecedent period, giving a disadvantage to the protection against the
extraordinary flood.

If the plan of compensated regulation at Jingjiang was adopted, as for max. daily value to meet a
thousand years flood, the reduction range will be 3.089 billion m* ,equivalent to the discharge
41500m’/s.As the increase of time inteval, the reduction will be increased, but the percentage
was decreased. It was shown by the result that this regulation plan will be adequate for protection
against the extraordinary flood. Through the analysis on flood control regulation of TGR for
simulated flood series, a conclusion that there will exist a significant effect of TGP on flood
control of midstream and downstream Changjiang is given. Taking whatever scheme for flood
control regulation you considered the flood regulating capability will be obviously existed in
TGR for the floods of various frequencies. If the forecasting can be improved, the flood control
effectiveness of TGP will be more outstanding.

CONCLUSION

The study on flood stochastic simulation for TGP plays an imporiant role in the planning, design
and sclentific research of TGP. In the entire preparation, both the single site flood stochastic
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model and multi-site flood stochastic model have been investigated. The models includes steady
autoregression model, mixed regression mode! and also disaggregation model tried. In the study,
a great deal of new thinking has been developed, proposing some new methods, successfully
solving a series of difficult problems, and advancing the development of stochastic hydrology.

The utilization on the principle and method of historical extroadinary flood information in
stochastic simulation for single site has been developed, while the historical extraordinary flood
data will play a significant role in the estimation of parameters.

The result is satisfactory that in the stochastic simulation, successfully applying Bayesism
statistic theory, the problem on uncertainty of stochastic figure has been considered.

A wholly new conversion method for logarithm and exponent has been proposed, solving the
problem on deficiency in existing conversion method, capable of converting the bias distribution

sequence into normal distribution sequence under the condition that no limitation is for the ratio
of Cs and Cv.

The least square estimating formula, for steady multi-dimension autoregression model
parameters under the condition of the multi-reality and the unequal length of the data at the site
or the intervening area ;has been newly derived and proved to be effectiveness.

It is the first time to use the stability theory for multi-dimension ARMA(p,q) model parameter,
that the parameters of steady multi-dimension autoregression model established are within the
steady field has been demonstrated, and the mathematics strictness for flood simulation is
ensured.

The method that the inflow flood of reservoir project is simulated by multi site flood stochastic
model has been developed for the first time, to create a favorable condition for computing the
effect of upstream reservoirs (stem and tributaries) on TGP.

An estimation formula of spatial disaggregation model expended by considering the
characteristics of one order correlation has been derived, improving the accuracy of model
computation.

Various examinations are performed widely and comprehensively on the simulated flood, of
which the statistic work amount are so much and seldom presented in the documents at home and
aboad. Especially, the check and examination are made intuitively by using the long series data
on mainstream control station, effectively varifying the reasonableness and reliability of the
simulated results.



SIMULATION OF SELECTED RESERVOIR AND RIVER-DIVERSION OPERATIONS IN THE
TRUCKEE RIVER AND CARSON RIVER BASINS, CALIFORNIA AND NEVADA

by Glen W. Hess and Steven N. Berris, Hydrologists, U.S. Geological Survey, Carson City, Nev,

Abstract: The Truckee-Carson Program was established in 1992 to assist the U.S. Department of the Interior in
implementing Public Law 101-618, the Truckee-Curson-Pyramid Lake Water Rights Scitlement Act of 1990, An
objective of the Truckee-Carson Program is to build, calibrate, test, and apply interbasin hydrologic compuler models
to suppurl efficicn! water-resources planning, management, and allocation, Flow-routing computer models simulating
siorage and streamflow in the Truckee and Carson Rivers were medified to simulate reservoir and river-diversion
eperations for analysis of watcr-management scenarios, Examples of reservoir operations include reservair releuses
based on flood-contral criteria and water-storage priorities; reservoir releases to meel agriculwral, municipal and
industrial, and hydropower demands; exchanges of water categories between reservoirs; and reservair releases ta mect
minimum flow requirements for tisheries. These models are coded with river-diversion operations for existing
agricullural, municipal, and industrial demands and diversion operations vsed to fill reservoirs. The ability to simulae
alternative management scenarios and compare simulation results will help usecs understand effects of changes in
river/reservoir operations, land use, waier-rights transfers, and irrigation practices on water quantity throughout the
Truckee River and Carson River systems.

An interaclive computer program is being developed to aid in the usage of these comprehensive and data-intensive
river-basin models. The program will serve as a user interface enabling tisers Lo apply and analyze results {rom these
complex models in an easy and efficient manner. Examples af the uset/maodel interface are (1) Lo select, modify, and
create a vartety of model scenarivs. (2} to run those various model scenarios, and (3) to analyze and compare the
simulation results.

TRUCKEE-CARSON PROGRAM

The Truckee—Carson~Pyramid Lake Water Rights Scitlement Act was passed in 1990, afier decades of litigation and
negotiation. ‘ihe law provides a foundation for development of operating criteria for interstate allocation of water.
Thesce interstate allocations are to meet demands for muaicipal, irrigation, fisheries and wildlife, and recreational uses,
as well as to meet water-quality standurds in the approximately 7,000-square-mile Truckee River and Carson River
Basins of eastern California and western Nevada (fig. ). The Truckee—Carson Program of the U.S. Geological Survey
(USGS) is assisting the U.S. Department of the Interior in implementing this act. The program has the lollowing
objectives: (1) Consolidate streamflow and water-quatity data from several agencies into a single data base; (2)
Establish new streamflow and water-quality gaging stations for more complete waler-resources intormation and more-
consistent support of river operations; and {3) Build. calibrate, test, and apply interbasin hydralogic computer models
to support cfficient water-resources planning, management, and allocation. Hess (1996, 1997), Berris (1996), and
Berris and others (1996} describe the current progress of the Truckee-Carson Program objectives.

HYDPROLOGICAL SIMULATION PROGRAM-FORTRAN

A computer model simulating storage, streamflow, and quality of the water in the Truckee River and Carson River
Basins and in the Truckee Canal (fig, 1) is being develaped to help meet an objective of the Truckee—Carson Program,
The model. based on the Hydrological Simulation Program~FORTRAN (HSPF; see Bicknell and others, 1997).
simulates reservoir and diversion operations to analyze alternative water-management scenarios.

This paper summarizes some of the capabilities that were added o HSPF to simulate complex reservoir and river-
diversion operations in the Truckee River and upper Carson River Basins in castern California and western Nevada,
Reservoir operations include releases based on flood-control criteria and water-storage priorities; relcases to mect
instream fow requirements or agricultural, municipal and industriai (M&B), and hydropower demands; and exchanges
of waler catepories between reservoirs. River-diversion operations are the distribution of waters based an legal
decrees that govern the right to beneficial use of water established in accordance with the system of appropriative water
rights.“ River-diversion aperations include diversions to meet agricuttural and M&1 demands and operations used to
fill reservoirs. [n this summary, simplified or isolated examptes are used 10 illusirale specific operations that can be

LA category of water is any block of water that is individually accounted for in an obscrved or simulated water budget. A
single river, reservoir, lake, or diversion ditch may contain several categories. Water within a category may have specific
ownership, such as “privately owned stored water,” or have a designated use, such as “pooled water™ (used o meet a mintmum-
ffow requircment known as Floriston rates).

2 Appropriative water rights such as (hose Jegally recognized in the Navada purt of the Carson River and Truckee River
Basins, are based on the concept of “first in 1ime, frst in right.” The first person to lake a quantity of warer and put it to beneticial
use has a higher priority of right than a subsequent appropriative user. An appropriator usually is assigned a priority date (date of
establishment of a wuter right) that is significant in relation to the dates assigned to other users from the same source of water. The
priority date is important whea the quantity of available water i1s insufficient to meet all the necds of legal users.
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represenied by HSPF. Actual day-to-day system management or simulation requires consideration of present and
forecast flow conditions at various locations in the river basin as well as compliance with numerous legal agreements,
legal deerees, and demands.
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Figure 1. Geographic and hydrologic features of Truckee River and Carson River Basins,

HSPF was chosen 1o simulate Truckee River and Carson River reservoir and river-diversion operations primarily
because it can (1) simulate streamflow continuously over time. including periods of storm runoff and low flows, (2)
simulate streamflow at a variety of time steps, including daily and hourly, (3) simulate the hydraulics of complex
natural and manmade drainage networks, (4} produce simulation results for many locations along a river and its
trihutaries, and (5) compute a detailed water budget that accounts for inflows and diversions as well as different
cutegorics of water in the river and associated reservoirs.

Use of such comprehensive river-basin models to assess hydrologic scenarios of reservoir and diversion operations
requires advanced computer-processing capabilities. These advanced capabilitics facilitate the summary and analysis
af large volumes of input and output data.

The interactive computer program GENSCN (GENeration and analysis of model simulation SCeNarios) was
develaped by J.L. Kitsle, Jr., and others (U.S. Geological Survey, written commun., 1997). GENSCN aids the usage of
the physically- and legally-based hydrologic models for the Truckee River and Carson River Basins. GENSCN allows
the model user to (1) select, modify, and create a variety of model scenarios, (2} run the various models, and (3) anatyze
and compare simulation results from model scenarios in a variety of ways.

HSPF SIMULATIONS OF RESERVOIR AND RIVER-DIVERSION OPERATIONS

HSPF uses conditional logic3 to simulate operations. In the upper Truckee River Basin, seven dams are operated
upstream from the Farad gaging station (fig.1), a USGS site on the Truckee River, to augment water supply and to
minimize flood hazards. These dams control water releases from Lake Tahoe, Donner Lake, Martis Creek Lake,
Prosser Creek Reservair, Independence Lake, Stampede Reservotr, and Boca Reservoir, These lakes and reservoirs are

3 Conditional logic means that if certain conditions are met, then certain actions are laken. Conditions that are evaluated
during simulations include the time of year; reservoir stage, reservoir storage, or velume of a given waler catcgary in a reservoir;
streamflow magnitude at a given Jocation; and fulfillment of water demands. HSPF models the operations by evaluating these
conditions and simulating the designated action,
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operated according to complex regulations and legal decrees that specify conditions for the storage and release of
water. HSPF models the reservoir operations by evaluating the same conditious and simulating the designated action.
In the upper Carson River Basin, ditch headgates along the East Fork Carson, West Fork Carson, and Carsan Rivers
also are operated according to complex regulations and legal decrees that specify conditions for the use of water.

The following examples show results from preliminary HSPF simulations of reservoir and river-diversion operations
for the Truckee and Carson Rivers, based on selected existing regulations and legal decrees. These examples are
intended only 10 illustrate how HSPF can simulate operations rather than to convey citable or quantitative model
results.

] PI'E as ~ONLEO a and Storage prities: Reservoir operations use flood-
control criteria and storage priorities. Flood-control criteria are rules used to delermine when and how much water
must be released from reservoirs to maintain reservoir flood-control space. These rules of operation alse minimize
potential downstream flood damages. Once flood-control criteria have been met. a complex set of rules, derived from
the Truckee River Agreement of 1935 and other legal decrees, governs the priority for storage of water of a particular
water calegory within each reservoir, Storage priorities dictate when and how much water a reservoir may impound.
Conditional-logic capabilities within HSPF allow the user to simulate reservoir operations based on the flood-control
criteria and storage priorities.

Daily reservoir elevations simulated by HSPF on the basis of Prosser Creek Reservoir flood-control criteria are shown
in figure 2. The span from August 7 to November 1 includes the space-drawdown period for flood controt, during
wliich the reservoir elevation is lowered to 5,703.7 feet to allow storage room for fall, winter, and spring inflows. This
clevation is maintained from November 1 to April 10 by releasing all reservoir inflows. From April 10 through May
20, water storage 1s based on rules governing maximum daily storage. Finally, from May 21 through August 6, the
teservoir typically is operated more to meet downstream water demands than to maintain flood-control space.

Daily water storage for Donner Lake and Prosser Creek Reservaoir, simulated by HSPF on the basis of legally decreed
storage priorities, is shown in figure 3. Donner Lake has an earlier storage priority than that for Prosser Creek Reservoir
and, thus, can begin storing water sooner. During April 3-14, water volume remaias constant at the winter-capacity
storage of 2,500 acre-feet at Donner {.ake and 9,800 acre-feet at Prosser Creek Reservoir. On April 15, Donner Lake
storage begins to increase, while Prosser slorage remains constant because of a later storage priority, which beging
April 20.
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Figure 2. Prosser Creek Reservoir elevations Figure 3. Donner Lake and Prosser Creek Reservoir
simulated on basis of flood-control criteria. water storage based on April storage criteria.

ol ; Using conditional logic, HSPF adjusts simulated releases from reservoirs 1o
meel downstream demands, such as Floriston rates. Originally established by a Federal District Court decree in 1915
and revised in 1933, Floriston rates are minimum-flow criteria for the Truckee River at the California—Nevada State
line and constitute the chief operational objective for the river. When flow rates (currently measured at the Farad
gaging station, which is just upstream from the State line) meet Floriston rates, almost all downstream agricultural,
municipal and industeial, and hydropower water rights are satisfied. According to the Truckee River Agreement of
1935, when these rates are not met by the natural flow of the river, categories of water designated for Floriston rates
stored in Lake Tahoe and in Boca and Prosser Creek Reservoirs may be released 10 augment the natural flow in the

river.
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An HSPF simulation of how water stored in Lake Tahoe and in Boca and Prosser Creek Reservoirs can be released to
attain Floriston rates for the period August through October is shown in figure 4. Simulated reservoir releases from
pooled water compensate for and react to the variability of natural inflow to the Truckee River to approximate Floriston
rates at the Farad gaging station. Simulated streamflow at the Farad gaging station consists of reservoir releases (fig.
4} and natwral, unrcgulated inflow to the Truckee River which are routed downstream to the Farad gaging station.
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Figure 4. Lake and reservoir releases simulated to maintain Floristan rates al Farad gaging station. A4, Simulated
total flow at Farad aaging station compared to Floristan rates. B, Lake and reservoir releases necessary to augment
nawral Truckee River inflow.

Natural, unregulated inflow to the Truckee River can be augmented by four categories at pooled water stored within
Boca and Prosser Creek Reservoirs and Lake Tuhoe to maintain Floriston rates. These categories arc Lake Tahae
pooled water (hercafter abbreviated Tahoc_pooied), Lake Tahoe exchange water stored in Prosser Creek Reservoir
(Prosser_exchange). and two catcgories of Boca Reservoir water called adverse-to-canal (Boca_adverse} and
nonadverse-to-canal (Boca_nonadverse). Under a complicated set of pravisions within the Truckee River Agreement
ol 1935 and other legal decrees, orders of release to maintain Floriston rates are assigned to these water categories for
diffurent conditions and time periods of a given year (fip. 4).

If Floriston rates cannet be achieved by natural, unregulaied inflow, Tahoe_ pooled i1s the tiest cheice for release only
if the Lake Tahoe clevation is less than 62255 feel. However, hydraulic properties of the outlet, in terms of siage, may
limit release rates from Lake Tahoe. Therelore, in this cxample, releases from Boca and Prosser Creek Reservoirs must
augment Tahoe_pooled releases to maintain Floriston rates,

“ater from the second category, Prosser_exchange, may be released to augment releases rom Lake Tahoe. Although
not formally addressed in legal decrees or regulations, the 11.S. District Court Water Masier currently attempis (0
maximize recreational use of Prosser Creek Reservoir from April 1 through Labor Day. Therefore, in this example,
Prosser_cxchange releases are made, if possible, only from nonrecreational storage in the reservair to attain Floriston
rates in the HSPF simulation. Nonrcecreational storage in the reservoir is that volume of water in excess of 19,000 acre-
feet, which is less important for recreational activities such as fishing, boating, and swimming. HSPF simulates this
condition for the recreational season by the release ol nonrecreational Prosser_exchange water, which has heen
assigned the second highest order of release 1o maintain Fleriston rates.

The third water category for release to matntain Floriston rates is Boca_adverse water. Boca_adverse is the first 25,000
acre-teet of pooled water stored in Boca Reservoir, Thercfore, as storage of nonrecreational Prosser_exchange water
hecomes depleted (mid- August in this example), Boca_adverse water is released.

in the model, Labor Day triggers a change in the choice for release from Boca_adverse water to recreational
Prosser_cxchange water (lig. 4). Boca_adverse water relcascs are reduced 1o zero while recreational Prosser_cxchange
water releases are increased to help achieve Floriston rates. As storage of recreational Prosser_exchange water
becomes depleted, Boca_adverse water is released again. Finally, as Boca_adversc water becomes depleted.
Boca_nonadverse waler is released. which is pooled water in excess of the first 25.000 acre-feet.
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SCrVoi ions Uy : A commonly used operaling method known as water exchange
allows reservoir operators to meet multiple-use goals by transferring stored water from one reservoir to another. In this
procedure, water is released from one reservoir in exchange for storage of an cqual amount of water in another
reservoir. In effect, the water is moved between the two reservoirs, even though the reservoirs may not be on the same

tributary.

The Tahoe-Prosser Exchange Agreement of 1959 specifies the operation of Lake Tahoe and Prosser Creek Reservoir
in order (0 meet multiple uses. This agreement requires releases of water from Lake Tahoe to maintain a minimum
instrecam (low in the Truckee River below the lake during periods when water would otherwise be stored and
accumulated for later release. In exchange, the agreement requires that an equivalent volume of water be stared in
Prosser Creek Reservoir 1o compensate for the refease from Lake Tahoe. Water stored in Prosser Creek Reservoir
through this exchange is then used as though it were Lake Tahoe storage, and accounted for as a distinct water category
called Prosser_exchange water.

HSPF simulates this linked operation of Lake Tahoe and Prosser Creek Reservoir, as shown in figure 5. The agreement
requircs a minimurmn instream flow below Lake Tahoe of S0 cubic feet per second between October 1 and March 31
and a flow of 70 cubic feet per second for the remainder of the year. In this simplified example, HSPF simulated the
release of water fram Lake Tahoe 10 maintain Floriston rates until May 25 and, thus, met the instream-flow requirement
specified in the agreement. Therefore, storage of Prosser_exchange water remained constant through May 24. Afier
May 24. most of the water released from Lake Tahoe was no longer required for Floriston rates, so Lake Tahoe
outflows could have been reduced to zero on certain days. Instead, the release from Lake Tahoe was maintained at 70
cubic feet per second. Storage of Prosser_exchange water increased after May 24 at rates corresponding to that fraction
of Lake Tahoe releases made solely to meet the instream-flow requirement,

To model this exchange of water, HSPF determines the minimum-flow requirement for a given date, the present rate
of release (rom Lake Tahoe, and the availability of releasable storage in Lake Tauhoe and of storable water in Prosser
Creck Reservoir, If the conditional logic specified for the model determines that an exchange should and can be made,
then Lake Tahoe releases for minimum instream flows are exchanged for Prosser Creek Reservoir water and
desiznated as Prosser_exchange water. The model must track the accumulation and later release of this Lake Tahoe
exchange water (stored in Prosser Creek Reservoir) through time.

)erations to Meet A al or My pal 3 dustria A The Alpine Decree separalcs
the upper Carson River Basin into eight segments. Each segment is operated autonomously with respect ta diversions.
For lands within a segment, demand was tabulated according to (1) the consumptive-use duty” specified as 4.5, 6.0, or
9.0 acre-feet per acre for agricultural demands and the net consumptive-use duty specified as 2.5 acre-feet per acre for
M&I demands, and (2) the water-righted acreage (Garry Stone, U.S. District Court, written commun., 1995) using
1995 rights. In HSPF, cach demand is separated according to priority date and the individual demands are grouped
according to the dicch serving the lands. During the irrigation scason, HSPF, using conditional logic, compares flow at
the upstream boundary of the segment to the total amount of demands that could be satistied based on prierity dates,
Those agricultural or M&I demands capable of being satisfied under corrent flow conditions arc diverted from the
mainstem Carson River 1o the appropriate diich.

An HSPF simulation of how diversion operations ot the Carson River are used to satisfy existing agriculiural demands
for the Buckland Ditch during April-October is shown in figure 6. For the period from April to mid-July, flow is
available to satisly all Buckland Ditch rights, which total about 23 cubic feet per second. Thereafter, flow in the river
declines to 4 value of less than the amount required to satisfy all Buckland Ditch rights. Thus, the ditch diversion is
reduced, satistying increasingly fewer senior rights until late September, when no rights can be served by prevailing
low in the river.

Because of lexibilily in programming operations in HSPF, alternative demand schedules can be simulated 1o analyze
downstream effects on the Carson River. For example, a water right of 492.3 acres (only a part of the 838.3 acres of
agricultural rights) served by the Mexican Ditch is hypothetically converted from agricultural to M&T use. Because of
the difference between agricultural and M&I duties ¢in this case 6.0 and 2.5 acre-feet per acre, respectively), the
agricuttural diversion rate decreases from 26,0 to 18.8 cubic fect per second during (he istigation scason {rom April
through September. The downstream effect of the reduced diversion on Carsun River flow near Fort Churchill for the
period from July through October is shown in figure 7. The simulation indicaics that only about half of the resulting
1.700 acre-fect per year of water savings is realized at Fort Churchill. The remainder is either consumed by the
simutation of consumptive use by phreatophytes or used for irrigation by previously unsatistied water-right holders
between Mexican Duch and Fort Churchill,

* The consumptive-use duty for agriculture s the total volume of irrigation water required (o mature a particular type of
crap. The duty is the amount of water supplied 1o the land including transmission losses from the point of diversion at the river Lo
the farm headgate, not the volume of water actually consumed by the plants. The consamntive-use duty for M&T has no
trans wssion losses.
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The Alpine Decree specifically defines operations of the East Fork Carson River when flow is less than 200 cubic feet
er second during the irrigation season. One-third of the flow is directed to the Allerman Canal and two-thirds of the
ow remains in the river. Conditional logic within the model separates flow according to these rules. Daily diversions

to the Allerman Canal simulated by HSPF are shown in figure 8. For the period April 1 to late-July, Allerman Canal

diversions are determined from operations based on agriculturai demands. From late-July through September, when
ﬂAcla]w in tht(a_: Easlz Fark Carson River is less than 200 cubic feet per second, one-third of the flow is diverted into the
erman Canal.
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HSPF using conditional logic separates flow in the West Fork Carson River between segments in California and
Nevada according to the Anderson-Bassman Decree rule of rotation. Weekly rotation 1akes place after June 1, if river
flow is not sufficient to satisfy all rights (that is, if flow is less than about 180 cubic feet per second). Daily flows on
the Brockliss Slough in Nevada simulated by HSPF are shown in figure 9. For the period June 1 to mid-June, flow is
adenuate to satisfy all rights, and no rotation occurs. From mid-June to late-September, when flows in the West Fork
Carson River are less than about 180 cubic feet per second, weekly rotation between California and Nevada segments
causes flows to fluctuate. Although not illustrated in figure 9, the rotation of the West Fork rights according to the Price
Decree also is determined using conditional logic in the model.

i i irs: Using conditional logic, HSPF c¢an simulate river diversions to fill
lateral reservoirs. The Alpine Decree allows the filling of Mud Lake during the nonirrigation season according to
decreed storage rights. HSPF determines when and how much flow is needed to satisfy Mud Lake demands. Simulation
of Mud Lake storage is shown in figure 10 for the period October 15 through December 31. On about December 20,
Mud Lake has stored the legal limit of 3,172 acre-feet. For the period December 20-31, lake storage remains constant
except for a slight increase in storage due to localized precipitation and runoff 10 Mugd Lake. Similar logic, based on
legal decrees, is used in filting Dangberg Ponds and Ambrosetti Pond in the Carson River Basin.
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River flow. B, HSPF river diversions using Anderson- ocY NOV s
Bassman Decree rule of rotation to simulate flow in Figure 10, HSPF simulation of storage in Mud Lake
Brockliss Slough. based on Alpine Decree.
MODEL SCENARIOS

A scenario is a unique set of water-management operations, along with climate and physical characteristics, that
sumulate a proposed situation, A model scenario is defined by a coded ::Fut sequence (UCI file) containing user
specifications, data regarding the river-system configuration, and input and output time series, applicable legal and
operational constraints; and physically-based parameters that govern hydraulic or water-quality processes selected for
simulation. After the model is run for a unique scenario, simulation results are stored as time-series data and are
avaiiable for analysis using GENSCN.

An existing scenariv may be activated by selecting it from a set of available scenarios. A “library” of commonly
requested scenarios of Truckee River and Carson River models is beneficial to users who have little modeling expertise
with HSPF and details of the UCI file.

Users with a maderate amount of modeling expertise can modify an existing scenario by varying the values of a variety
of model specifications and parameters from an easy-to-use search and display feature. The user does not need to have
specific knowledge of the format and structure of the UCI file. GENSCN displays a set of specifications and parameter
values from a UCI file in an interactive setting for modification. This feature includes the specification or parametes
name. definition, and maximum, minimum, and default (recommended) values.
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Users having considerable experience with the HSPF program and a working knowledge ol the structure and formit
of UCl files may edit the UCI file to create a new model scenario. Editing the UCI file provides the most flexibility for
creating a custom scenario that muy not be comnpletely similar to previously developed scenarios.

Model Simylation: The activated scenario can be executed simply by selecting the simulate option within GENSCN.
The progress status of a simudation is displayed on a window that indicates those operations and time periods that are
completed, currently being simulated, and lefi to be simulated. Once the simuiation is completed, users may analyze
the results of a single run or compare the results of twe or more scenarios.

Analysis of Simulation Results; GENSCN facilitates the selection and analysis of potentially large volumes of output
data for the user afler the simulation is complete, Three criteria (constituent, location, and scenario) arc used in

GENSCN ta sclect the data to be analyzed, Data selected can range from atl constituents at all locations for all
scenarios to the smallest subset, such as observed stream temperature ai a single gaging station. The user chooses the
type of analysis to apply to the data sclected. Tables, plots, and statistical analyses may be viewed on the display screen
or printed as output files, In addition to these functions, the user interface can track water awnership in reservoirs and
in river segments. Through animation, the user can view where, when, and how long critical thresholds are cxceeded
for any water ownership anywhere in the river systeins,

OTHER MODELS UNDER DEVELOPMENT

The Truckee River and Carsan River aperations mode! is just one modular component in a comprehensive computer-
modeling system being developed by the USGS Truckee—Carson Program. The modeling system integrales data
managemeni and analysis (Bohman and others, }995) with the basin-operations model including reservoir opcrations
and physically-based hydrologic models that simulate flow, stream temperature, precipitation-runoff relations, and
selected water-quality characteristics. The modeling system, when calibrated und tested, will provide the tools
necessary for modelers, us well as officials responsible for water-related policy, to examine many interrelated
hydrologic and resonrces-management issues for the two river basins. The ability 1o simulate allernative ranagement
scenarios and compare the simulation results will help users understand the etfects of changes in river/reservoir
operations, land use, water-rights transfers, and irrigation practices on water quantity and quality throughout the
sysiem.
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APPLICABILITY OF DECISION SUPPORT SYSTEM FOR RESERVOIR
OPERATION IN TAIWAN

By Wen-Cheng Huang, Associate Professor, National Taiwan Ocean University, Keelung,
Taiwan; Fu-Ti Yang, Graduate Student, National Taiwan Ocean University, Keelung,
Taiwan

Abstract: A user-friendly decision support system (DSS) for reservoir operatxon was
introduced. The DSS model has been applied experimentally to the main reservoirs in Taiwan,
In this study, the largest reservoir in southern Taiwan, the Tsengwen reservoir, was chosen to
prove the applicability of the DSS model. The handy DSS was set on user-friendly computer
interaction with Microsoft Excel in Windows system.

INTRODUCTION

In Taiwan, the total annual surface runoff is 67 km3/yr, of which 78% comes from the wet
season (from May to October) and only 22% is available during the dry season (from
November through April). Meanwhile, the total water demand is approximately 18 km3/yr.
Taiwan uses almost 77% of its withdrawn water for irrigation, about 14% for domestic water
supply, and about 9% for industry. If adequate water is not available, demand will be reduced
by rationing among water users. Due to uneven distribution of water resources in Tajwan,
droughts and floods frequently occur every year. A reservoir thus plays a very important part
to retain excess surface water flows from wet season for use during the dry season. The Water
Resources Bureau (WRB), the water authorities of the Republic of China, intends to develop
a decision support system (DSS) used friendly and understood easily to assist the authorities
for operational guidance of reservoirs, especially for use during periods of drought. The
purpose of this paper is therefore to describe the framework of the DSS for application to
reservoir operation.

STRUCTURE OF THE MODEL

Suppose that the average 10-day-long surface runoff in period t is of a continuous random
variable, the exceedence probability of X exceeding or equaling a specific value x,, in period
tis

Pr[X & x,} = m/(n+1) (1
where

X = reservoir inflow, a random variable in period 1

X(m = @ possible value of X, the mth largest observation

n = total number of observations

For a given inflow hydrograph with identical exceedence probability, a sequence of reservoir
storage variation over a time space with ten-day time increment can be determined. The
performance will show whether or not the water demand for each user is fulfilied. Reservoir
operation obviously varies with different exceedence probability of inflow. The effects of this
probable reservoir operation as time goes along may be examined according to the
information provided by the DSS. If the operation indicates water shortage occurrences at any
time of the year, then water demand for water users must be curtailed in advance to mitigate a
probable drought loss. The amount to be reduced is'up to the decision makers with specified
values of rationing coefficient. Besides. the reservoir operation will be updated every time



increment. As a new observed inflow is obtained, the decision support system repeatedly
activates its procedure to suggest suitable reservoir operating policy for the future,

Optimization models are studied mostly for planning purpose and often discarded because of
a gap In existence between theory and practice on the real-time reservoir operation (Yeh
1985). In practical use, rule curves derived from simulation mode] are mostly used for
reservoir operation in Taiwan. The reservoir operators prefer to use rule curves rather than
optimization models due to its simplicity and reliability. The operation rules identify the
storage zones associated with a certain operational behavior. In this research, a helpful
decision support system for real-time long-term reservoir operation on the basis of
exceedence probability of inflow is proposed here. The DSS providing more information
would be a very useful booster to the authorities about how to adjust the operating policy.

It is anticipated that the developed DSS on real-time reservoir operation has the functions: (1)
to provide available data such as the reservoir characteristics, inflow, water demand of each
user in each period, (2) to examine the present status of reservoir storage and inflow, (3) to
analyze the outlook of reservoir operation on the basis of varying exceedence probability of
inflow, (4) to leave option to users for water rationing as drought happens, (5) to demonstrate
results with useful tables and figures.

in accordance with the specitfied functions, The framework of the decision support systemn on
real-time reservoir operation is shown in Figure 1. It shows an interaction between the user
and the DSS while the reservoir operation is being executed. The worksheet of the DSS
consists of three units: (1) database including the area and volume curves versus water level,
rule curves, evaporation, exceedence probability of inflow, water rights and demands of each
user over time, present inflow and reservoir storage, (2) data analysis including the reliability
of specified water demand over a time space of a year with ten-day increment, current
situations of inflow and reservoir storage, real-time reservoir operation, drought mitigation,
(3) result output through a printer. The DSS was installed on user-friendly computer
interaction based on Microsoft Excel for Windows system. As demonstrated in Figure 2, for
example, the worksheet displays useful functions included in the DSS for the Tsengwen
reservoir, Reservoir operatiors can easily key in the date where the operation starts and the
actual reservoir storage and inflow at that time, then use the browser to pick any specific
function encoded by Visual Basic.

Work on reservoir operation is usually repetitive and troublesome. For a handy decision
support system installed in computer, a user-friendly interface is required to boost the system.
Visual Basic is a programming language originally developed by Microsoft to assist
programmets with a quick and easy way of developing Windows applications. It is an event-
driven programming technique. Based on the integrated development environment provided
by Visual Basic, a user interface can be created quickly and easily. Then a code to respond to
specific events occurred as a result of user input can be written. Coupling with Microsoft
Excel software using its powerful macto language for applications, a handy decision support
system on reservoir operation can be definitely interesting and comfortable to reservoir
operators in using the model. Detailed information on using Excel Visual Basic can be found
from extensive books published by Microsoft Corporation (Microsoft 1994, 1995; Jacobson
1994; Wexler and Sharer 1992).
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APPLICATION OF THE MODEL

Brief Introduction: To examine the applicability of the developed decision support system
for long-term real-time reservoir operation, the experimental DSS model has been applied to
several large reservoirs, e.g., Shihmen reservoir in northern Taiwan, Techi reservoir and Sun-
Moen Lake in central Taiwan, and Tsengwen reservoir in southern Taiwan. In this study, the
operation for the multipurpose Tsengwen reservoir (Figure 2) was introduced, the largest
reservoir in Taiwan. Average annual rainfall of the area is 2612 mm corresponding to annual
runoff 1.2 km®, of which 90% comes from the wet season and only 10% is available during
the dry season. Severe droughts often occur provided that insufficient water is available in the
preceding wet season. It is thus important to have a handy DSS for real-time reservoir
aperation about how to coordinate water, patticularly during periods of drought. [n addition
to the rule curves presently used as operating policy for water allocation, the developed user-
friendly DSS intends to provide more helpful information to reservoir operators. The
reservoir with a catchment area of 481 km? is located at the upper reach of the Tsengwen
river and about 60 km northeast of Tainan city. The reservoir capacity is 708 million cubic
meters (MCM) with allowable maximum release of 9,470 m'/s. Its primary purpose is to
detain excess water from wet season for use during the dry season. It furnishes water to
agriculture (irrigation area 67,000 ha), municipality (400,000 m*/ day) and industry (70,000
m*/day). Of the water rights, agriculture holds 86%, domestic water supply has 11.5%, and
industrial use only owns 2.5%. There is also a hydropower plant with 50,000 KW installed
capacity. Aside from typhoon-bome floods, water through turbine is diverted to the Coral
Lake, a small reservoir with storage capacity 84 MCM, and 6 km downstream from the
Tsengwen reservoir. The active storage capacity of both reservoirs equals 693 MCM.

Cases of Real-Time Operation: Applicability of the real-time operation of the developed
DSS model was tested with real-world cases. Prior to operation, the essential data installed at
the database are required, such as the historical inflow ranging from 10% to 95% of the
exceedence probability and water demand. The reliability of specified water demand over a
year with ten-day increment clearly indicate that inadequate water is available during the dry
season, particularly from January to April. This is due to the fact that irrigation for paddy
fields requires more water throughout the growing season. So, the Tsengwen reservoir plays
an important part on the regulation of water flows. The rule curves currently used at the
Tsengwen reservoir have four storage zones in each of 36 periods within the year. Excluding
zone A (the highest one for flood contrel), the reservoir storages within zone B, C, and D (the
lowest one) correspond to the release policy (k,=k,=k=1.0), (k,=0.8, k,=1.0. k=1.0), and
(k,=0.5, k,=0.8, k=0.5), respectively. And the parameters (k,, k,, k; ), express the ratio of
water rationing separately for agriculture, municpality and industry.

Real-time operation on October 1995: At the end of the 28th ten-day period on October
1995 (initial winter season), the actual reservoir storage was 129.43 MCM within zone D,
about 18.68% of the active storage. And the observed inflow equalled 11.06 m's,
approximately 89.24% of the exceedence probability at that time. The situation was crucial to
the reservoir operation. The variation of reservoir storage over time shows that no matter
what the future hydrologic status will be, severe drought with empty reservoir occurs at the
end of January if demand was not curtailed (i.e., k,=k,=k;=1.0). Obviously, water rationing
among different water users is needed. In the case of drought condition, the releases based on
the rule curves should be restricted with k=0.5, k,=0.8 and k=0.5 for agriculture,
municipality and industry separately. With the policy (k,=0.5, k,=0.8, k=0.5), however,
serious water shortages may still exist after forthcoming February, as shown in Figure 3.
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Obviously, the planting schedule of rice for the next growing season {from January through
May) should be canceled to ease the drought situation. As a matter of fact, the drought forced
the government to declare a regional emergency in water supply. WRB officials at that time
decided 1o shorten demand with k,=0.5, k,=0.8 and k=0.5 till the end of the present growing
season {end of November) and terminate the succeeding irrigation project for the paddy
fields.

Real-time operation on January 1996: At the end of the first ten-day period on January
1996, the actual storage volume was 80.58 MCM, about 11.6% of the active storage. And the
inflow approximates 1.96 m¥s, close to 85.67% of the exceedence probability at that time.
The severity of water shortages still existed. Though the demand has been deducted by not
irrigating as planned in the paddy fields, Figure 4 reveals that failures to meet targeted
quantity of water (k,=0.5, k,=0.8 and k=0.5) occur in April as the exceedence probability
exceeds 70%, where the targeted water with k,=0.5 was delivered to irrigate any other crops
than rice. It was found the risk of suffering reservoir emptiness may be reduced with k,=0.4,
k.=0.8 and k=0.5. However, the delivered water to irrigate sugarcane and other crops as
planned by the irrigation associations is insufficient. The effects of this disruption on water
supply around the area can be devastating. Hence the decision makers, WRB officials,
suspended the plan for the production of sugarcane and other crops. Meanwhile, the
authorities coordinated the release policy with k,=0.0, k_=1.0 and k;=1.0, as suggested by the
DSS.

Real-time operation on June 1996: At the end of the 16th ten-day period on June 1996
(initial summer season), the cument reservoir storage was 104.97 MCM, nearly 15.15% of the
active storage. The storage volume is within zone B. According to the rule curves, the
releases with k,=k_=k=1.0 would be allowable. It appears that the inflow approximates 25
m®s, close to 85% of the exceedence probability at that time. The weather is dry. A
prolonged dry condition in hydrology may persist, if typhoons with accompanying rainfall do
not come within the wet season. With a lengthy dry weather, it was found in Figure 5 that the
reservoir may become empty at the beginning of October and affect the crop harvest within
the ongoing growing season (from June to November). The risk of suffering reservoir
emptiness exists. Of course, WRB officials continuously keep an eye on the incoming
hydrological sequences o adjust the operation.

Real-time operation on Awogust 1996: A remarkable Typhoon Herb hit Taiwan and refilled
the Tsengwen reservoir on August 1. At the end of the 22nd fen-day period, the remaining
reservoir storage was 682.47 MCM. Most of the flood watcr was stored in the reservoir to be
used for the following periods. Clearly, 100% of the targeted water within the summer's
growing season can be fulfilled, as demonstrated in Figure 6.

CONCLUDING REMARKS

A user-friendly decision support system in determining appropriate reservour releases for
real-time long-term reservoir operation was developed. The DSS has been applied
experimentally to the main reservoirs in Taiwan. During the experimental period, the DSS
operated by the actual operators of the Tsengwen Reservoir Administration Bureau (TRAB)
appears to have satisfactory performarnce on the reservoir operation. As the simulation results
prove, the DSS is considerably suited to the reservoir vperation. With the new storage volume
and hydrological situation, the system operation can be renewed every time increment. It is
thorcughly easy to run and understand the model. The handy DSS was installed on user-
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friendly computer interaction with Microsoft Excel in Windows system. Furthermore, the
users can survey on-line reservoir operation with browser on World Wide Web (WWW). The
current uniform resource locator on WWW of the DSS is http://wrm.hre.ntou.edu.tw/.
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FLOOD DISASTERS AND THE THREE GORGES PROJECT ON THE YANGTZE

J1 Xuewu, Senior Engineer of Professorial Rank, Director-General Bureau of Hydrology,
Changjiang Water Resources Commission, Ministry of Water Resources, P. R. China

Abstract: The Yangtze River is the Jargest river and one of the most flourishing area in the
economics 10 China. However the plains in its middle and lower reaches are frequently
threatened by stormflood hazards due to the ground surface being lower than the flood stages and
depending mainly on 30,000 km long levees for their safeties. According fo the historical records
dunng the recem 2.000 years there occurred once of heavy flood disasters about every ten years
in the area. In the 19th century there were two extracrdinary floods, 1860 and 1870, producing
peak discharges at Yichang of up to 92,500 m®/s and 105,000m™/s, respectively, which far
exceeded the safcly capacity 56,700-60,000m’/s at Zhicheng and caused extremecly heavy
damages. Unnll recentiy, there existed flooding losses such as 1995 and 1996. Theretore. it is
very important 1o establish the comprehensive flood control sysiem which consists of enginceringe
and non-engineering treatments including the key project, the Three Gorges Project(TGP) under
construction, and flood monitor-forecasting warming system.

Based on the storm-flood properties and historical-palehydrological data in the Yangtze this
paper deals with the TGP design floods comprised by frequency analysis, stochastic modeling
and PMP/PMF estimation models, and with wemendence comprehensive benefits of TGP n the
paper the description will be made in some detail for the rivef monitor-forecasting warning
procedure imvolving daa collection transportation-processing and forecast model. Also the paper
will introduce the progress of TGP after the start from 1993,

INTRODUCTION

Three Gorges Project(TGP) possesses enormous, comprehensive utilization benefits for flood
control, power generation, navigation. irrigation, water supply and promoting economic
development 1 the reservoir region. It is the key project to hamess and develop the Yangtze
(Changjiang) River, and the strategic measure to comprehensively use the rivers water resources.

NATURAL AND TOPOGRAPHIC CONDITIONS

The Yangtze River is the largest in china. The valley is located from 24 ° 27" t035° 54" N
latitude, and from 90° 33 ' to 122° 19’ E longitude. It is long from west to east. and
narrow from nerth to south, in the shape of a rectangulan. The terrain of the valley slopes from
northwest to southeast to the Pacific Ocean, which is favorable for the southeast and Southwes!
monsoons to bring great amount of warm moisture air into the valley. In the valley, the mountuin
arca occupies 635 percent, which is mainly located in the west region and the boundary areas of
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the valley, the hilly land 22 percent, mainly in Sichuan, Hunan and Jiangxi Pravinces, and the
plain 13 percent, mainly on the middle and lower reaches of the river.

The Yangtze River originates from the Qinghai-Xizhang(Tibet) Plateau. From the origin 10
Yichang, Hubei Province, is called the upper reach, with a length of 4,500km, and a catchment
area of about 1 million km®. The Three Gorges are located on the upper reach, starting from
Fongjie, Sichuan Province to Yichang. The middle reach is from Yichang to Hukou, Jiangxi
Province, with a length of 935 km and a catchment area of 680,000 km* From Hukou down 10
the river mouth is the lower reach. The Yangize River has many tributaries. There ar= 8 of them
with a basin area of over 80,000 km?, 49 over 10,000 kin® and 437 of 1,000 km?.

The Yangtze valley 1s located In the subtropics region, with a climate of het in summer and coid
in winter, The mean annual temgerature is between 15 to 19 ‘C. and the mean annual
precipitation is 1.067 mm. Due to topographic impact, the regional distribution of precipitation 1s
uneven, The precipitation decreases progressively from southeast to novthwest, It precipates
more in the mountainous areca than the plain area, more at the slope facing the wind than the
leeslope. The distribution of precipitation is not even within a year. The precipitation in the
dominant rain secason (generally lasting four months) occupies 60 percen: of that of the whole
year. There are many rainstorm (the daily precipitation is 2 50 mm) areas in the vallev. in which,
the west Sichuan. Three Gorges area on the upper veach, the west parts of Hunan and Hubel. and
parts-of Jiangxi and Anhui arc the major storm areas. In Lushan area of Jiangxi Province. the 24-
h precipitation once reached 900 mm. and in Anxian, Sichuan Province, it was S77 mn.

FLOODS AND FLOOD DISASTERS ON THE YANGTZE RIVER

The floods on the Yangtze River are produced by rainstorms. The floods on the mainstrean: of
the River and its tributaries on the upper reach always concentrate in the dominant flood season
(three months), and the flood volume occupies more than 50 percent of that of the whole year At
Yichang, where the TGP locates and with a catchment area of Imillion km?, the flood volume in
the dominant flood season from July to September occupies 50.2 percent of thar of the whole
year, of which 32 .4 percent is from Jinsha River, and 13.5 and 15.5 percent are from Minjiang R.
and Jialin R. respectively. During the flood season from May to October, the flood volume at
Yichang is 348.7 billion m’, which occupies 66.1 percent of that at Hankou (with a catchment
area of 1,488,000 km®) and 59.0 percent of that at Datong (with a catchment area of 1.70 million
km?). It is seen from the above mentioned data that the water from the upper reach is the major
composition of floods on the middle and lower reaches. Where anomalous weather occurs. the
floods from the middle and lower reaches of the River will meet that from the upper reach.
Consequently, a disastrous flood appears on the middle and lewcer reaches. The 1931 and 1934
floods were typical examples of this kind of floods.
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There are a wealth of rcliable hydrological data in the valley. At Hankou, Yichang and
Chongging, there started water level observation in 1865, 1877 and 1892 respectively, and then
have been continuous water level records since then. The Yangtze Valley has a long history.,
Fiooding descripetion appeared in the year of 966 B.C. (West Zkou Dynasty). A great number of
tablets, stone inscription about floods have been found, along the mainstream and its tributaries
the peak stage and discharge of any of floods can be reasonally worked out, [n the Three Gorges
areas, the earliest stone scripted flood stage was about a fload in 1153 (Song Dynasty). In recent
year, paleoflood investigation has been carried out, the results of which have provided reference
in estimating the flood frequency of the Yangtze River.

Comprehensive investiga:ion and analysis have showed that there occurred over 214 big floads
in the upper and middle reaches from the year of 185 B.C. (Han Dynasty to 1911 the end of Qing
Dynasty), averagely once in abou: every ten years. There have occurred five extrsordinary floods
(1870, 1860, 1954, 1927 and 1935) since 1860, in which, the 1931 and 1935 floeds cach
deprived about 120,000 people of the lives and 30,000 people was drowned by the 1934 flood.
During the period from 1788 1o 1870, there were four years in which discharge larger thar
80.000 m™/s occurred (1788, 1796, 1860 and 1870) (See Table 1) at Yichang. From 1877 till now.
however. the largest observed discharge is only 71,100 m’/s, which appeared in 1896. In the

summers of 1995 and 1996. large floods occurred successively on the middle reach of the River,
caused serious damages.

Table ] Extraordinary historic floods at Yichang
order year discharge(m’/s)
1 1870 105,000
i 1227 96,000
3 1560 93,600
4 1153 92,800
5 1860 92,500
6 1788 86,000
g 1796 82,200
B 8 1613 81,000

The middle and lower reaches of the River is always threatened by flood disasters, and the losses
are especially serious there due to fact that it is densely populated and with a developed economy.
The Jingjiang reach of the River, from near Shashi, Hubei Province, to Chenglingji, Hunar
Province, is frequently threatened by flood disarters in particular. The River near Shashi runs ip z
zigzag path and the capacity of the River there can only safely release a discharge of 50,000 m’/s.
When the dyke there is heightened and reinforced, the safety capacity of this river reach is only
60,000 m’/s. If the flood diversion and storage measures are implemented, a maximum discharge
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of 80,000 m”s can pass through this river reach. At present, the dyke at Jingjiang River reach is
generally 12m hich and the crest is 15m high, while the flood water level in the tlood season s
over 10m higher than the ground cievation behind dyke. If the dyke were to be further heightened
and reinforced. it is very difficult as well as risky. If fioods to the scale of those in 1870 accurrec.
extraordinary disasters would be bound to hit both banks of the Jingjiang River reach. Wuhan
City, the capital of Hubei Province. and the vital transportation center in central China, is serious
threatened. The national economic development of China wiil even be severely affected.

FLOOD CONTROL MEASURES ON THE MIDDLE AND LOWER REACHES AND
THE THREE GORGES PROJECT

Flood control facilities on the middle and lower reaches have been greatly improved after some
50 years of efforts. The total length of dykes on the mainstream and the tributaries amounts (0
30.000km. and many flood diversion warks such as Jingjiang Diversion work on the Yangize and
Dujiatai Diversion work on the Hangjiang River and many cther tempering flood diversion and
storage arcas have been constructed, And the flood forecasting and waming system have also
been established. If a flood to the scale of that in 1954 (with a return peniod of 104 years near
Wuhan) occurred. with all these measures implemented, devastative losses would not occur. But
the Jingjiang River reach can only stand floods with a return period of 20 years. (i the hight of the
flooding characteristics, that js, the storm comes mainly from the upper reach, the TGP is taken
as the key structural measwes for {lood control on the River.

The TGP is sited at Sandouping, about 40 km above Yichang, and the catchment wre: (s 1 millidn
km™. The designed elevation of the dam crest is 185 m above sea level, and ik normi) pool leve!
15 175 m. This project 13 to bring cnorrous benefits fer flood contrdl, power ceneration.
nevigatior. water supply and promoting economic development in the reservoir recion. The tois
capacity of TGP reservoir is 39.3 billion m” in which flood control storage capacity is 22.13
billion m”. The installed capacity ‘s 17,680 mw, and the annual power gencration 15 84 bitlion
kWh. 10.000- ton towboats will be able to sail right up to Chongging, which is abour 600 ki
above the damstie. Main features of the TGP s shewn in Table 2, When completed. the TGP will
bring enormous social, economic and environmental benefits. If a flood of the wpe of 1870
{about 1.000 years in return period) occurred. the TGP can be used together with the existing
flood cortrol facilities. and the discharge on the Jingjiang River reach can be kept bellow the

safety capacity of the channel. If floods of the types of those in 1954, 1996 occurred. the TGP
will also play a significant role in flood control.

TGP DESIGN FLOO:
The main basis for design flood study is the observed data at Yichang Hydrometric Statien and

that at Cuntan Station (near Chorgging) with a catchment area of 867,000 km’. A great amount
of hydrological 2nd meteorological data at the major hydrelogy stations aad the important rain

2-18



gaging stations is also used for the sake of analyzing the storm flood characteristics. estimating

the probable maximum flood (PMF) and for flood routing. Meanwhile, the investizated historical
floods have also been fully considered.

Table 2 Main features of TGP
Name Figure/Feature Unit
Basin area 100 10°%km’
Annual ranoff 451.0 billion m’
Suspend load of sediment 530 million t
Normal pool level 175 m
Total capacity of reservoir 393 billion m*
Capacity for ficod contro! 2215 billion m®
Area of reservoir [,084 Km?
Installed Power Capacity 17.680 mw
Annual Energy 84 billion kWh
Crest of Dam 185 m
Max hecight 175 m
Type of dam concrete gravily
Total axtal length I 2,335 m
Ship Jock double lines 5 steps |

Flood Frequency Analysis: By making use of 8 historical floods including the 1577 flood. the
discharge of which is 105.000 m’/s, and the empirical return period is 840 years. and of 1he
observed (loods since 1877, an uncontinous flood series is composed.

Plotting position formula: plotting position formula for historical floods

p B M
M = N .1 . Msl2.ca ()
plotting position formula for observed floods
1 J??(N - a + 1) ]
N +1 n+ 1 {2

There. N=840; n=114(1877~1990); a=8, which is the number of historical floods: M. m are the
ordinal numbers of historical and observed floods respectively.

Probability distribution meodel: The Pearson Type 1! distribution 15 adopied after a
comparison of several distributions. And the Chi-square (X) test is used to assess the goodness-
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of-fit.

Flood statistical characteristics: The curve fitting methods are applied, and results are listed in
Table 3.

Table 3 Flood statistical characteristics at Yichang

item statistical characteristic design value(%) 1
# T lc e | oor | ool 1.0
‘ Daily discharge 52,000 [ 0.2] 4.0 113,000 98,800 | 83.700
|
| Flood volume in 7 days | 27.50 | 0.19 35 | 547 48.68 42.08
| Flood volume in 30 days | 93.50 | 0.18 | 3.0 176.7 159.0 1393 |

' . T k) v - v
Note: daily discharge: m’/s; flood volume: billion m’; X : mean value; C,: variation
coefficient; Cs: skewness coefficient.

Design flood hydrograph: Based on an analysis of the flood characteristics. the flood
hydrographs of 1981, 1982 and 1954 floods are chosen as three typical hydrographs: Then the
discRarges and flood volumes of the typical hydrographs arc enlarged to 1}{c‘ Trequency of the
design discharge and flood volumes. By this way. the design flood hydrograph at damsite s
obtained.

Design hydrograph for reservoir inflow: The design hydrograph for reservoir inflow is derived
by considering the changes in rainfall-runoff formation and flow concentration when the TGP 1s
completed.

Flood Stochastic Madeling: The following stable multidimensional autoregressive model is
applied.

Zy=MZi 1+ D2 p++ApZ p+ Be )
where Z, is the multidimensional dynamic variable, ¢ , is the white noise: A, is the
autoregressive coefficient with order P ; B is the residual error. Using the above mentioned
model, the floods series in the flood season (180 days) at 8 stations (areas), that is. at both ends
of the reservoir, on the reservoir surface, at the damsite and on the middle reaches, are modeled

and obtained. This flood series can be used for reservoir operation and for calculating and
assessing the tlood control benefits.

Probable Maximum Precipitation (PMP) and Probable Maximum Flood (PMFj:Due to the
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fact that the catchment area above the damsite is large, the reservoir storage capacity 1s big, and
the design duration is long, the methed of precipitation process replacement in the typical flood
years and the method of cembination of the long term weather process's precipitation are used to
derive the PMP series. Then through rainfall-runoff models and flow-concentration or routing
computation, the PMFs at the TGP damsite are obtained. The estimated daily discharge is

between 120,000 and 127,000 n13:‘s, and the flood volume in seven days is between 60.7 and 63.2

billion m”.

FLOOD FORECASTING AND WARNING (FF/W) SYSTEM FOR THE TGP

There are hydrological stations and rainfall gaging stations above the damsite. According to the
temporal and spatial distribution of precipitation, and for the sake of reservoir operation, the
inflows below Chongqing, which will have a direct impact on the reservoir, shall be monitored.
Meanwhile, to meet the flood control needs on the middle and lower reaches, the iaflows from
the Dongting Lake, Hunan Province, shall also be forecasted. Accordingly, the FF/W System for
the TG? shall be composed of four subsystems as follows.

Information collcction subsystem: Around the damsite, 40 hydrological siations, 12 water level
stations and 49 rainfall gaging stations are to be established within the FFF/w system.

Data_transmission subsystem: The water stage, discharge and rainfall data will be transmitted
to 9 subcentres located in the reservoir région and on the river's middle reach via telemeiry
systems or the National Public Data Exchange Network (also known as cable communication).
then fusther transmitted from the subcentres 10 the centers at the damsite and in Wuhan, which
are connccted with the National Flood Centrol Headquarters in Beijing. Commuuications
between the major stations on the mamstream of the River and the subcenters are realized
throughk INMARSAT-C, while that between subcertres and the System (or Beijing) via VSAT.

Hydrological Forecasting Subsvstem: Precipitation forecasting is close linked with flood
forecasting, and the medium-range forecasting with short-term one. Precipitation is forecasied
quantitatively, focusing on the temporal and spatial distribution of rainfall. For rainfall-runoff
models, the API, Xinanjiang model are used, and for flow-concentration routing the Sherman,
Nash and flow-concentration coefficient are used. Stage-discharge relationship curves,
Muskirgum routing model have been used. In recent years, the real-time on line forecasting

method based on the filter theory and the interactive forecasting programs have also been made
use of.

Water information and fload warning service subsvstem: Real-time hydrolegical data and the
forecast on warring with specified duration, accuracy and criteria are disseminated to all the
users and decision making units. Information monitoring and feed-back system is established.




THE TGP CONSTRACTION PROGRESS AND SCHEDULE

The TGP started officially construction i December 1994. Up to now, on the right bank, the
diversion channel has been excavated and lined. . The longitudinal cofferdam has finished the
concrete placement. On the left bank, the permanent navigation lock, double-line and five steps is
being excavated, and the temporary navigation lock has been finished the concrete works and
equipment being installed, The upper and lower cofferdams have been construeted, and the river
was closed on November 8, 1997. The closure indicates the end of the first stage of the Project
construction and the start of the second stage. In the years that follow, the powerhouse for the 14
generating units on the left bank will be constructed and equipment be installed. The permanent
shiplock will be finished. the spillway and silt scouring sluice in the dam on the main channel
will be constructed. By the year of 2003, the reservoir will store water to the wates level of 135m
above sea level, and start power generation of the first unit. The diversion channel will be closed.
This closure will mark the bheginning of the third stage of construction.” During this stage, the
powerhouse for the other 12 generating units on the right bank will be constructed and equipment

installed. The placement of concrete in the dam will be finished. Up to now, all the works have
been carried out smoothly as planned.

CONCLUSIONS

The middle and lower reaches of the Yangtze River is vulnerable to flood. disasters. This storm
flood comes mainty from the upper reaches of the River.

The TGP, when completed, wiil increase the flood control capacity on the Fingjiang River section
to stand fload with a return period of 100 years. If the TGP is coordinately used with other flood
diversion and storage facilities, this river section will be able to protect flood of 1.000 years in
relurn period. Therefore. flood control and damage mitigation are the major tasks of the TGP.

The hydrological data series used for the TGP design flood studies is long, and with relatively

high accuracy. The calculation methods are new and diverse. The resulis are fairly reliable and
available.

The FF/W system for the TGP is an important nonstructural measure to enhane the benefits of
the TGP and to mitigate flood damage on the middle and lower reaches of the Yangtze River.
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IMPLEMENTING A WATER RESOURCE PLANNING MODEL WITHIN
THE COLORADO RIVER DECISION SUPPORT SYSTEM

Steven Malers. Software Engineer, Riverside Technology, inc., Fort Collins, Colorado; Ray Bennett, CRDSS
Project Manager, State of Colorado, Denver Colorado; Larry Brazil, President, Riverside Technology, inc.,
Fort Collins, Colorado

Abstract: The Colorado River Decision Support System (CRDSS} is a database and modeling system used by the
State of Colorado to help water managers make informed decisions about Colorado water resources. Implementing
the system has improved both the State's understanding of the data and its ability to analyze "what if" questions that
are critical to water resources management in Colorado. The data-centered system allows different modeling and
analysis tools to share the same data. This paper focuses on the implementation of the water resources planning
component of the CRDSS.

INTRODUCTION

The CRDSS consists of databases and models that provide improved data and decision-making capability for the
Colorada River and its tributaries within Colorado. Tt is being developed by the Colorade Water Conservation
Board (CWCB) and the Division of Water Resources (DWR), under the overall guidance of the Department af
Natural Resources. Initiated in 1993, the project is in the fifth and final year of development. The CRDSS Project
Management Team consists of a contract project manager and senior staff of the CWCB and DWR. A Technical
Advisory Committee of major Colorado River water users is helping guide the project. A consulting team headed by
Riverside Technology, inc. (RTi) of Fort Collins was selected in January, 1994 to design and develop the CRDSS.

CRDSS was developed to allow Celorado ta enter a new era of water management that emphasizes cooperation
among state agencies, water providers. and water users. The CRDSS is a data-centered system that contains historic
tabular data such as streamflow, climate and diversions; spatial data such as topagraphy, hvdrography, and irrigated
acreage; and administrative data such as water rights and water management policies. Data are keved 1o locations in
the river basin using a geopraphic information system (GIS). This computer-based system allows decision makers to
access water resource data. simulate potential decision and policies, and examine the consequences with regard to
interstate compact policy, water resource planning, and water right administration.

This paper discusses one element of CRDSS: implementing a water resource planning (WRP) model using a data-
centered approach. An extremely large scale application, CRDSS required the consistent development of five
separate WRP model applications (White, Yampa, Colorado. Gunnison, and San Juan river basins) that, if desired,
can be combined into one application that encompasses the entire western slope of the State of Colorado.

A DATA-CENTERED APPROACH

The CRDSS is a multi-year project requiring that various database and modeling components be developed and
implemented over time. This required that the database design be scaleable and flexible enough to allow growth and
enhancement. A model-generic approach was chosen, in which a core set of data are stored in a central database and
are used by one or more applications, In this data-centered approach, the database becomes the repasitory for key
data and consequently helps to maintain quality and consistency. Figure 1 illustrates the CRDSS data-centered
approach where various tools share common data.

In order to implement a data-centered system, there must be enough infrastructure in place to support and allow
effective use of the system, The CRDSS database contains all of the key water resources data needed for planning
and administrative purposes for the State of Calaradoe and allows for “one stop shopping” for Colorado water data
users. Utilities have been written to format data files for models and provide effective data displays 1o users. Much
of the data is available to Internet users via the CRDSS hame page (see references). Utilities are available that allow
users to quickly access and format data for use in other applications.

It is important to note that the implementation of a data-centered approach in the CRDSS has not precluded the use
of modular tocls. The WRP model and other tools can run stand-alone and are not tied directly ta the database. This
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Figure 1. CRDSS Data-centered Approach

allows for distributed modeling efforts within the user community. in order to promote data sharing, standard data
formats for time series and other data have been adopted. The data-centered approach, as adopted for the CRDSS,
allows users to access data from a central location but perform analyses using accepted tools in a desktop
environment. As a policy, model output is not currently stored in the database but is kept in the standard model
output formats, This simplifies model use and database design and decreases the overall size of the database.
Exchange of data between models occurs using standard data formats and file translation utilities, where necessary.

The main CRDSS database uses INFORMIX® on a server machine. Microsoft Access® versions of the database are
being developed to further allow distribution and use of CRDSS data and tools for the PC environment. In this
configuration, it is understoed that the central database is the official repository of data for CRDSS that may only be
changed vy a database administrator.

Data Quality Issues: Despite the fact that State of Colorado staff had been maintaining a database of water rights
and diversion data for many years, the CRDSS team quickly identified quality issues when data were loaded into the
database and used for modeling. The new CRDSS database uses INFORMIX (which implements constraints and
range checks), whereas the old database used a series of discrete files that often contained redundant data. The
CRDSS team identified data coding problems such as miscoded structure types (a reservoir being called a diversion),
use of the letter "O" instead of the number "0", and reservoir levels recorded as "full” or "half-full” instead of a5 a
numeric value, Using a non-relational database resulted in a wide variety of data coding problems such as assigning
the same structure different names ("XYZ DITCH" and "DITCH XYZ2") and using different water coloring schemes
{water coloring refers to the practice of identifving the different sources [river, storage, etc.] and uses [irrigation,
power] of water). The CRDSS team detected some errors while populating the database, but often problems were
detected only when the data was used for modeling. Far example, if structure types were miscoded, then a request
for all diversions might actually return a reservoir or instream flow. Some important (if simple) lessons were
learned:

). Ensure data quality, to the extent possible. For the State of Calorado, this meant using modern database 1ools to
increase the scrutiny of data, as well as improving procedures to allow timely data corrections.
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2. Enforce consistency and simplicity in data recording, to the extent possible, In a data-centered system, all data
users and recorders should use standard practices so common tools can be used to share and use data, thus
increasing efficiency.

3. Allow modeling tools 1o override official data, as needed. Because the modeling tools were meant to be generic.
they could not effectively trap all data probiems and implement fixes without becoming complicated and
difficult to maintain. Therefore, utilities were implemented to allow the users to reset database values to correct
problems. This overriding feature allows the State of Colorado to cotrect data problems in due time and lets
modelers selectively edit data so that modeling can continue,

4. Understand the limitations of third-party data. The CRDSS database stores streamflow records from the U.S.
Geological Survey (USGS), climate data from the National Oceanic and Atmospheric Administration (NOAA),
and snow data from the Soil Conservation Service (SCS). 1n some cases, the CRDSS team found blatant errors
in this data (for example, negative solar radiation, presumably from a badly calibrated gage). Rather than try to
correct the data and compromise the tractability of the data, users of the system need to use good engineering
Judgment, as with any other engineering project.

5. Make the data available to as many people as possible. A common practice among the consulting community is
to use USGS or other data and, if a problem is found (e.g., a water balance does not compute), make reasonable
assumptions and continue with an analysis. There is seldom either time or budget to notify the data suppliers.
However, for data that is controlled within the realm of the CRDSS (State of Colorado data), users (especially
State of Colorado staff) who do find problems have a more direct channe] of communication to allow data
corrections.  Additionally, CRDSS tools make it easier to detect data inconsistencies so that they can be
corrected.

In summary, data quality problems were identified during both the database population and modeling activities. The
quality problems have been prioritized, and the State of Colorado has imvested resources to correct them.
Techniques were developed to allow the medeling to proceed while data problems were corrected in a prioritized
manner.

WATER RESOURCE PLANNING MODEL

The WRP mode! selected for use in CRDSS is called StateMod. This tool is a monthly water allocation and
accounting model that had been developed for a series of projects by the State beginning in 1986. It is capable of
making comparative analyses for the assessment of various historic and future water management policies in a river
basin using the Prior Appropriation Doctrine (first in time, first in right). StateMod’s operation is governed by
hydrology, water rights, and operating rules, It recognizes four types of water rights: direct flow, instream flow,
reservoir storage and operational. The direct flow, instream flow, and reservoir storage rights are self-explanatory.
The operational rights are used to control complex, multi-structure activities associated with reservoir releases,
exchanges, and carrier ditch systems. Key features of the model required to simulate the diverse operating
conditions encountered on the western slope of Colorado include the following:

« Simulates tributaries and main stem river systems through the use of a tree-structured network

« Simulates direct flow, instream flow, storage and operation rights under the Prior Appropriation Doctrine as a
function of water availability, priority, decreed amount, demand, structure capacity, and location

s  Allows reservoirs to be operated with multipte accounts serving muliiple users

s  Allows instream flows to be operated as a point or river reach

« Simulates a wide variety of operating agreements and exchanges between several users or structures
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s Fora given structure, simulates one or more water righis, with one or more return flow patterns returning to one
or more stream nodes

e Uses an efficient direct solution algorithm that recognizes the impact of a diversion's return flows during the
current time step without having to iterate

* Estimates base or natural streamflows from gaged or estimated streamflow, diversion, and reservoir data

Baseflow Data: The generation of base or natural stream flows for a WRP application is necessary in order to
analyze a “what if” scenario which includes a water right, structure, or operating strategy that might change in the
future. Baseflow is a generic term defined herein to describe gaged stream flows that have been adiusted to remove
a portion (0 to 100 percent) of human impact. 1If a user decides to remove all human activities (100 percent), then
the baseflows generated are commonly called natural streamflow. If a user decides to remove only a portion of
human impact, then the remaining impacts are “left in the gage.”

Baseflows were created efficiently and consistently within CRDSS using the Baseflow module of StateMod. This
module uses historic streamflow, diversion, and reservoir stotage data to remove human impact for any number of
structures that might be important for future development. Along with this historic data, the baseflow module uses
the same water use parameters (efficiency, return flow timing, and return flow locations) that are used in the historic
simulation, The key benefits resuiting from the standard approach used to estimate baseflows within CRDSS
include:

1. Parameter consistency: The same parameters used to estimate baseflows are used during the calibration to
historic data,

2. Efficient baseflow generation: Baseflows can be quickly revised in response to calibration results or model
refinements (e.g. include more historic structures).

3. Efficient calibration: Knowledge of historic data stored within the memory of the program provides an efficient
mechanism to compare simulated to gaged stream flows, diversions and reservair levels,

The Model Network: The model network describes the physical connectivity of the structures and gages being
modeled. StateMod uses a network file that describes model nodes in an upstream to downstream fashion. Figure 2
illustrates part of the network for the White River basin. This schematic representation of the network is useful for
madeling and can be aligned to closely match the true orientation of the basin. Nodes are labeled with structure
identifiers (State of Colorade identifiers or USGS stream gages). The figure illustrates the use of stream flow gages
(e.£., 0903000), minimum streamflow reaches (e.g., vpper terminus 432339 and lower terminus 432339 _Dwn at top
of figure), aggregate demands (e.g., node ADW_001 above the 09303000 gage), and the use of baseflow nodes, as
discussed in the previous section.

The data used fo plot the model network diagram shown in Figure 2 is also used by utility programs to build most of
the data files required by StateMod by guerying the CRDSS database. The process begins with a single network file
that describes the reaches and nodes in the model network, This fife is processed to produce the network diagram,
the StateMod-format petwork file, and several other files that contain structure and station information. These files
are then processed by utility programs to create StateMod files containing data such as streamflow, diversion,
demand, and water rights. During processing, command files can be used to override the database values, allowing
the modeler to make adjustments for inaccurate or inappropriate data, The data flow sequence used to develop a
StateMod network and supporting files has been fine-tuned to allow efficient modification and generation of data

sets. Key benefits of this approach are the fallowing:

Reproducibility: Model data sets can be reproduced quickly and accurately to react to new data, etc.
Documentation: Modeling assumptions are documented within the command files used to access the database.

|
2.
3. Extensibility: Structures can be deleted or added and new data files build quickly and accurately.
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Figure 2. Example of Part of a StateMod Network Diagram - the North Fork of the White River

Model Size: To be cost-effective, meet deadlines, prove functionality, and meet the immediate needs of the State,
the first phase of WRP development included only key structures. Key irrigation and municipal and industrial
structures were selected for each river basin as follows:

1. A list of absolute decreed water rights for each structure was compiled and ranked.
2. The cumulative absolute decreed amount and percent of the basin total were determined.

3. Preliminary key structures were selected fo represent 75 percent of the basin’s cumulative absolute decreed
amount.

4. Final key structures were determined after meeting with each basin’s division and district engineers. These
meetings resulted in the addition of new structures that were below the cut off but were considered important for
administration. These meetings also resulted in the deletion of some structures that met the cutoff but which
historically diverted significantly less than their decreed amount or they had been abandoned.

A similar approach was applied to reservoirs, instream flows, and stock ponds. The decision to explicitly model only
key structures reduced the number of nodes included in each model from 80 to 90 percent, while simulating over 75



percent of each basin's water use. This version of modeling data used base flows that had been naturalized to 75
percent,

A second phase of WRP development, which is currently under development, is modeling the remaining water use in
each basin by defining a number of spatially-located aggregated irrigation structures, reservoirs, stock ponds and
municipal and industrial nodes. This version includes all instream flows that exist on the rivers and streams
modeled. It includes aggregated irrigation structures, reservoirs, and stock ponds that were determined using GIS,
based on their location relative to key streamflow gaging stations. It also includes aggregated municipal and
industrial use that was determined to equal the difference between per capita water use estimates and explicitly
modeied municipal and industrial structures. The enhanrcement from approximately 75 percent water use to 100
percent water use increased the number of modeled nrodes by approximately 10 percemt, still significantly less than
explicitly modeling every structure. It was relatively easy to implement because of the data-centered approach
discussed previously. Because this version of modeling data includes 100 percent of the basin water use, the base
flows developed were natural flows.

Streamflow Data: Streamflow data is a key component to any WRP application. Unfortunately. it is typically
available at a limited number ef locations with a limited period of record. Therefore a mechanism is required to filt
data gaps at gaged locations and distribute gaged data to ungaged portions of a watershed, To provide consistency
and flexibility the following approach was used to develop streamflow data for the WRP within CRDSS:

1. Data filling parameters were developed. A control file containing data filling parameters was developed that
allowed missing data at gaged locations to be filled on the fly when retrieving streamflow data from the
centralized database. Key data filling parameters included the independent and dependent variables, regressian
type (linear or nen-linear), and number of equations (annual - 1 equation versus monthly - 12 equations).

2. Proration factors were developed. For each gaged and ungaged location requiring streamflow data, the drainage
area and average annual precipitation were developed using GIS. These proration factors thus provided a
consistent, map-based approach to distribute gaged streamflow data to ungaged locations.

Diversion Data: Historic diversion data are used within the WRP model to estimate baseflows and to calibrate the
maodel to histaric observations. As discussed previously. one challenge was to develop a number of basin models in a
cost-effective manner using data of varying quality. The diversion records available to CRDSS are of relatively high
quality for large, key structures; small, less important structures typically have less frequent recordings. Similar to
streamflow record filling, diversion records queried trom the CRDSS database were filled on the fly using a control
file provided by the user. Typical data filling approaches included the following:

1. 1f diversicn records for a structure are not available at the beginning or end of the simulation period, fill with
Zeros.

2. [Ifdiversion records are unavailable during the study period, fill using the long-term historic average.

If neither of the simple data filling approaches just described are adequate, allow the user to provide a time
series that overrides the information avaijable in the database.

)

The last approach was used when the simpier data filling techniques were inadequate and when official database
records were determined to be non-representative of current conditions. For example, the database records may
indicate that a diversion was in place for 20 years with 3 years of missing record. Under the simple data filling
approach, the missing years would be filled with the long-tenn average. However, if it is known that the diversion
headgate was washed out during that period, a replacement time series having zeros during the 3 years could be
specified.

Demand Data: Agricultural, municipal, and industrial demands are input to the StateMod model in order to divert
and use water according 1o Prior Appropriation Doctrine. Demands are associated with diversions that are included
in the network and may consist of explicitly modeled or aggregated structures. Municipal and industrial demands
were estimated based on historic use. Irrigation demands were estimated from acreage, crop, and climate data.

2-38



Acreage data was developed in cooperation with the U.S. Bureau of Reclamation (USBR) by using aerial
photography to construct GIS coverages of acreage for the entire western slope of Colorado for 1993. The State of
Colorado then performed field surveys to verify the irrigated parcels, identify the crop grown, and tie each parcel of
land to one or more headgates serving the land. The CRDSS team then assigned climate stations and weights to
allow farm crop requirements to be estimated using the Blaney-Criddle approach. When combined with irrigation
system efficiency estimates, river headgate demands were generated for each irrigation structure modeled.

System Efficiencies: One of the key pieces of data required by a WRP that is not generally gaged is the irrigation
system efficiency (the ratio of water used to water diverted). For most WRP applications, irrigation system
efficiencies are estimated based on agricultural practices, canal length, soil type, etc., but this approach requires
significant knowledge of every diversion and can become highly subjective during the calibration process. As an
alternative, the CRDSS team used consumptive use estimates in conjunction with historic diversion records to
develop an average monthly efficiency for every irrigation structure modeled. For example, if a structure diverted
100 acre-feet of water in May, 1980, while the estimated demand is 30 acre-feet, then the system efficiency for that
manth is 30 percent (30/100). During a year, the annual efficiency might average 20 percent while monthiy
efticiencies might range from 10 to 40 percent. A similar range can be observed for one month from one year to the
next, Therefore, these estimates could not be used without review because of data issues, irrigation practice
variations, etc. However, once the data problems were resolved, the computed efficiencies seldom required
adjustment during calibration.

One limitation of StateMod is that monthly efficiencies cannot currently be varied from one year to the next.
Consequently, changing irrigation practices to reflect structural improvements or water management practices during
water-short conditions cannot be fully reflected. A potential enhancement to StateMod might be to read in irrigation
crop requirements and dynamically calculate monthly irrigation efficiencies.

SUMMARY

Previous sections illustrated some of the technical challenges that were addressed in implementing a WRP model
into the CRDSS. Development efforts spent on constructing the centralized database and developing utility tools to
access that data were only fully realized after applications to scenarios were implemented. For example, scenario
data sets needed 1o be constructed to study different issues such as making & conditional water right absolute or
inserting a new instrean flow, diversion, or reservoir.

Figure 3 illustrates the Big Picture Plot feature of the StateMod graphical user interface (GUI). This graphic shows
the difference in diversions between two scenarios, with upward bars indicating that the diversion received more
water under the second scenario, and downward bars indicating a decrease. The size of the bar indicates the
magnitude of the change. Consequently, WRP mode] users are able to see a basin's response to an input change.
This type of display illustrates the power of the CRDSS and its potential for helping make decisions at different
levels. The Big Picture Plot can be used by managers studying long-term average impacts, whereas hydrograph plots
at a gage might be more useful to someone studying the time varying impact at a location on the river {such as an
instream tlow study). CRDSS offers display tools for various output levels to satisfy the needs of water managers.

REFERENCES

‘The CRDSS home page, hitp:/crdss.state.co.us

Blaney(1552), Blaney, H.F., Rich, L. R., Criddle, W.D., et. al. (1952}, “Consumptive use of water”, Trans. ASCE,
117:948-967,

StateMod Users' Manual, on-line at http://crdss.state.co.us/manuals/statemod/statemod. html
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DYNAMIC MODELING OF WATER-SUPPLY RESERVOIR PHYSICAL
AND CHEMICAL PROCESSES

Jerad D. Bales and Mary J. Giorgino, Hydrologists, U.S. Gceological Survey,
Raleigh, North Carolina

Abstract: A spatsally detailed hydrodynumic and chemical transport madel was applied to Rhodhiss
Lake, North Carolina. Rhodhiss Lake is about 22 Kilometers lTong. has a maximum depth of 16 mclers, is
generally less than 700 meters wide, and has a theotetical mean retention time of 21 days. Monitoring
data indicate that the reservoir is eutrophic. Data collected during a 15-month periad in 1993-94 were
used 1o calibrate and apply the model. The root mean square difference between measured and simuiated
water levels was 0.085 meter. and the mean difference berween measured and simwuliated  water
temperatures was —0.24 degree Celstus. There was essentially no difference between the frequency of
occurrence of measured and stmulated dissolved-oxygen concentrations less than 5 milligrams per liter,
The model was applied to demonstrate the transport of a neutrally bueyini, conservative tracer released
into the headwaters of the reservoir during both siratified and unstratified conditions. During stratified
canditiens, about 40 days were required for the maximum cencentration of the tracer at the dam to
become less than one percent of the initial maximum concentration. whereas only 17 days were needed (o
reach the same condition during unstratified conditions.

INTRODUCTION

Rhodhiss Lake is an impoundment of the Catawba River in North Carolina (fig. 1) constructed m 1925,
[nformation on hydraulic circulation and constituent transport in the reservoir is necded to more
effectively manage the reserveir and its watershed, and to predict water-quality respanses ta changes in
constiuent Joadings or hydrologic regime. Such changes could result from recently adopted State water-
supply watershed regulations, proposed wastewater-treatment plant expansiens in the watershed, and a
new basinwide approach used by State regulators to permit point-source discharges.
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