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INTRODUCTION

Engineers and geomorphologists often need to simulate changes in fluvial sediment budgets
resulting from changes in driving forces, such as climate, dam operations, land-use changes, etc.,
in support of resource management. Humans have had a dramatic impact on the world’s river
systems (Nilsson et al., 2005), including sediment transport and budgets (Syvitski et al., 2005).
Because sediment provides the physical framework for aquatic ecosystems, management of
aquatic resources requires the ability to simulate changes in sediment budgets resulting from
natural and anthropogenic influences.

In response to this need, substantial research and development has been conducted in the area of
fluvial sediment transport modeling. The wide range of space and time scales of interest has lead
to a range of modeling approaches, from simple empirical “rating curve” approaches to one-
dimensional morphologic models (e.g. HEC-6, Rahuel et al., 1989, van Niekirk et al., 1992,
among many others) to complex multi-dimensional models (e.g. Deflt3D). Suspended-sediment
rating curves (i.e. empirical relations between suspended-sediment concentration and water
discharge) are an attractive approach for evaluating long-term sediment budgets because they are
very simple, easy to implement computationally, and the empirical parameters can be estimated
from quantities that are frequently measured in the field. However, an implicit assumption in
this approach is that sediment transport is in quasi-equilibrium with sediment supply. Rubin and
Topping (2001) presented an approach for evaluating this assumption for sand-bedded rivers and
suspended-sand transport, and showed that sediment supply is often as important as water
discharge in regulating sand transport.

Because of the physical limitations of the rating curve approach and the computational limits of
more complex models when applied to long reaches over long time scales, we have developed
and tested an alternative approach that bridges this gap. The approach uses empirically-based
rating curves, but they are formulated on a particle-size specific basis that always for simulation
of changes in bed particle size distributions, albeit in a simplified manner. Thus, the rating curves
can respond to changes in sediment supply with a formulation that is quite simple,
computationally efficient, and easy to implement. To further facilitate long-term simulations of
multiple scenarios, the channel is idealized in shape and spatially discretized over long reaches
(10s of km). In this paper, we present this modeling approach and its application to the Colorado
River below Glen Canyon Dam. We do not argue that the empirical parameters developed for the
Colorado River have general applicability; rather, they are site-specific. However, the modeling
approach should have general applicability where evaluation of long-term sediment budgets is of
interest, such as below dams where the flows and sediment supply are often dramatically altered.



2nd Joint Federal Interagency Conference, Las Vegas, NV, June 27 - July 1, 2010

STUDY SITE

The modeling approach described in the next section was developed as part of our ongoing work
on the Colorado River below Glen Canyon Dam (fig. 1). The construction of Glen Canyon Dam
in the early 1960s substantially reduced the supply of sand to the downstream reach (Topping et
al., 2000) as well as the capacity of the river to transport sand by reducing large flood peaks
(Topping et al., 2003). The post-dam flow regime is illustrated in fig. 2 which shows the study
period over which the model was applied. For a complete review of pre- and post-dam flow
regimes refer to Topping et al. (2003). Note that we use the English unit for water discharge
(cubic feet per second or cfs) herein because of its common use and acceptance within the
Colorado River scientific, management, and recreational community.
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Figure 1 Left — Location map of the study reach of Colorado River below Glen Canyon Dam.
Right — Modeling schematic showing the reaches and tributary input locations.

50,000

40,000 -
30,000
20,000 |-

10,000

| | |
Oct-2002 Oet-2003 Oct-2004 Oct-2005 Cct-2006 Oct-2007 Oct-2008

Water discharge (cfs)

20,000 T T T T T T T T T T
15,000~ l
10,000 —
2006
5 000 | | | | | | | | | |
Y29 Apr 0&-May 13-May 20-May 27-May 03-Tun 10-Jun 17-Jun 24-Tun 01-Jul 08-Jul

Figure 2 Top — Discharge time series for the RM87 gage for the entire modeling period. Bottom
— Illustration of daily hydropower fluctuations in the spring and summer of 2006.
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The post-dam sand budget is important to the fate of sandbars along the river. These sandbars are
considered a valued resource within the Glen Canyon Dam Adaptive Management Program, a
federal advisory committee established to provide guidance on operation of Glen Canyon Dam,
due to their recreational, biological, and cultural importance (Lovich and Melis, 2005). Several
previous studies of the post-dam sand budget have come to conflicting results (Wright et al.,
2005), but a review of available data indicates that sandbars have been substantially eroded since
construction of the dam (Schmidt et al., 2004). The strategy to abate this erosion has been the
release of short-duration “controlled floods” or “high-flow experiments” (HFEs) designed to
redistribute sand from subaqueous channel pools to subaerial sandbars (e.g. Wright et al., 2008).
Three of these experiments have been conducted (in 1996, 2004, and 2008) and the results
indicate that substantial sandbar deposition is possible when the channel is sufficiently enriched
with sand sourced from tributaries downstream from the dam. Thus, the ability to simulate sand
budgets for various operations is important toward designing and implementing future HFEs.

The approach presented herein was designed specifically to account for the supply limitation that
is known to exist in this reach of river. For example, Topping et al. (1999, 2000) showed that
sand transport rates are strongly dependent on tributary sand supply as well as water discharge.
This dependence is illustrated in fig. 3 which shows changes in the relation between suspended-
sand concentration and water discharge resulting from a major flood on the Paria River (the first
major tributary downstream from the dam, fig. 1). It is seen that concentrations (for a given
discharge) are much greater during tributary flooding and remain significantly higher than pre-
flood levels after the flooding recedes. We note that several previous modeling approaches have
been applied to this study site, but they either cannot account for changes in sediment supply
(e.g. Randle and Pemberton, 1987) or are substantially more complex and thus not suitable to our
modeling goals, as defined in the next section (e.g. Wiele et al., 1996, 1999, 2007).
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Figure 3 Left — SSC versus discharge for the RM30 gage (all data - gray dots) highlighting three
days before (red circles), during (blue squares), and after (green triangles) Paria River flooding.
Right — Paria discharge record showing the dates of the highlighted data.

MODELING APPROACH

We outlined several overarching goals for the modeling approach as applied to our study site: 1)
the model should be simple enough to allow for long-term (annual to decadal scale) simulations
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and the ability to model a large number of scenarios to account for variability in hydrology,
sediment supply, and operations; 2) the model should reproduce the basic processes of sand
accumulation and fining of the bed during and immediately after tributary flooding, followed by
erosion and bed coarsening during tributary quiescence; 3) the number of empirical model
parameters should be as few as possible and readily determined from available data. The
approach described below was designed to achieve these goals.

Rubin and Topping (2001) applied the suspended-sediment transport formulation of McLean
(1992) to a wide range of hydraulic conditions and particle size distributions and found that

concentration can be approximated as a power-law function of shear velocity (u,) and bed
particle size (Dyp), with the u, exponent ranging from 3.5 to 5 and the Dy exponent ranging from

-1.5 to -3.0, depending on bed conditions (i.e. dunes present, bed sorting coefficient). If u, is

approximated by a power-law function of discharge then the relation of Rubin and Topping
(2001) can be rewritten in the form of a size-specific sediment rating curve:

Ci =k, AQ ) DiK (1)

where C; is concentration of size i, Fy; is the fraction of size i in the bed material, A is an
empirical site-specific constant, Q is water discharge, and D; is diameter of size i. Note that eq. 1
reduces to the standard sediment rating curve form when summed over all sizes because

ZFbi =1 andZDiK =const. To apply eqg. 1, A, L, and K must be estimated empirically on a

site-specific basis; the advantage is that these parameters can be estimated from measurements of
C and Q, two quantities that are routinely measured on many rivers (C = ZCi ).

To apply eqg. 1 in a modeling framework, a method is required for updating the bed material
composition Fy;. For this we apply the active layer form of the Exner equation for bed sediment
mass conservation (e.g. Parker et al., 2000), in a slightly simplified form. For our study site,
which is a bedrock controlled canyon river, we assume that the mobile bed sediment is a thin
layer of sand overlying bedrock; this assumption is supported by data presented in the following
section. By assuming that the bedrock substrate is non-erodible and that the sand layer thickness
(Hs) is equivalent to the active layer thickness, the Exner equation reduces to:

oH,  aQ,
-2, )8 = @
0 Ry

(1_ﬂp)Ba(Hsti):_ 3)

OX

where Qs = CQ, Qsi = CiQ, B is channel width, and 4, is bed porosity. This formulation provides
significant simplification over the standard Exner equation because it circumvents the need to
keep track of substrate layering and associated size distributions.

The set of eqs. 1-3 constitutes a model for C;, Hs, and Fy,; (assuming a separate hydraulic model
supplies Q). The boundary conditions are Qs at the upstream boundary and major tributaries;
required initial conditions are Hs and Fy; for each reach. The final approximation of our modeling
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approach is that we spatially discretized over relatively long reaches (10s of km). This
assumption sacrifices the ability to model local channel complexity but allows for simulating the
longer-term effects of bed fining and coarsening at substantially reduced computational costs.

We applied the formulation described above to three reaches bracketed by the existing gaging
stations. The gage locations and modeling reaches are shown fig. 1 (geographically in the left
panel, schematically in the right panel) and are defined as follows: Reach 1 (upper Marble
Canyon, UMC) - Lees Ferry/Paria River confluence to RM30; Reach 2 (lower Marble Canyon,
LMC) - RM30 to RM61/Little Colorado River confluence; and Reach 3 (eastern Grand Canyon,
EGC) — RM61/Little Colorado River confluence to RM87. For the model applications, upwind
finite differences were used for egs. 2-3, with the following specifications: 15-min time step, 10
particle sizes spaced logarithmically between 0.0625 -2 mm, B=80m, and1, =0.4.

ESTIMATION OF MODEL PARAMETERS

The data necessary to implement the modeling approach include time series of suspended-sand
concentration and water discharge at RM30, RM61, RM87, time series of tributary sand inputs
by size fraction (Paria and Little Colorado), initial sand thickness on the bed by reach, and initial
bed particle size distributions by reach. Available data (described below) dictate that the
modeling study period extends from Sep-2002 through Mar-20009.

The primary boundary condition requirements are size-specific sand fluxes from the major
tributaries, the Paria and Little Colorado Rivers (mainstem sand flux past Lees Ferry is small in
comparison due to erosion of background storage, Grams et al., 2007). For the Paria River, water
discharge records (USGS gage 09382000) were used to estimate suspended-sand transport using
the model developed by Topping (1997). For the Little Colorado River, data from two USGS
gages (09402000 and 09402300) were used to estimate sand transport rates using a suspended-
sand rating curve. The tributary sand size distributions were estimated by averaging available
samples yielding roughly log-normal distributions with Dsp = 0.1 mm and oy = 1.8. An additional
10% of the Paria inputs were added to UMC to account for ungaged tributaries (based on data
from several ungaged tributaries). Finally, water discharge time series at each site were available
from continuous stage measurements and stage-discharge relations.

Initial condition requirements include sand thickness on the bed and bed size distributions, for
each of the three reaches. To estimate these quantities, we used data from remote sensing, ground
surveys, bathymetric surveys (Kaplinski et al., 2007, 2009, Hazel et al., 2008), and bed particle
size measurements (Rubin et al., 2007) for several 3-5 km reaches from 2000 — 2005. The
measurement reaches constitute a relatively small percentage of the modeling reaches and thus
are not guaranteed to be representative; however, they are the best available data for specifying
the initial conditions. The reach surveys from May 2002 were used to estimate initial sand
thicknesses of 0.4, 0.5, and 0.5 m and initial mean particle sizes of 0.4, 0.3, and 0.3 mm for
UMC, LMC, and EGC, respectively (M. Breedlove, Grand Canyon Monitoring and Research
Center, written communication) The bed size distributions were assumed log-normal with
o, = 2.0 (estimated from available grab samples from the gage locations).
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Using these data, the three empirical model parameters (A, L, and K) were estimated as follows.
The C-Q exponents (L) were determined using data from an extensive suspended-sediment
monitoring program that applies a combination of standard USGS techniques and “surrogate”
technologies (acoustics, laser diffraction) to estimate concentration at 15-min intervals (Topping
et al., 2007a, data are available at http://www.gcmrc.gov/products/other_data/). The exponents
for each gage were estimated by curve fitting to data from the rising and falling limbs of the
2004 and 2008 HFEs (fig. 2) since these events encompass the full range of discharge over the
study period and are of short duration such that the effects of changes in supply should be
minimal. The data indicate a break in the curve for each site at about 25,000 cfs (Randle and
Pemberton, 1987, also noted this break), and we have incorporated this aspect such that L = {3.7,
4.0, 3.7} for RM30, RM61, RM87 respectively for Q < 25,000 cfsand L = {1.7, 1.7, 1.3} for Q
> 25,000 cfs. The particle size exponents (K) are difficult to estimate empirically because reach-
based bed and suspended particle size data would be needed. However, Rubin and Topping
(2001) reported a range of computed exponents of -1.5 to -3.0, thus providing a range of
reasonable values. We conducted exploratory simulations and determined that a value of K = -3.0
(for all gages) provided superior results with respect to the degree of fining and coarsening that
has been observed (particularly during the high flow releases, next section). Finally, because the
ultimate goal of our modeling is to simulate the long-term sand budget for the individual reaches,
we chose to specify A at each gage location to match the measured total sand flux from the reach
over the modeling period. With L and K specified as described above, these computations
proceeded in a downstream direction whereby A was varied until the total sand flux from the
reach matched the measured sand flux to within 1%. This yielded A = {3.6x107%°, 6.6x107,

6.0x107%} for RM30, RM61, RM87 respectively. When used in eq. 1, these coefficients result
in C; as a volumetric concentration for Q in m*/s and D; in m.

ANALYSIS AND DISCUSSION OF RESULTS

Figure 4 shows the results of calibrating the coefficient A so that the modeled sand flux from
each reach matches the measured sand flux (£10% uncertainty) over the entire modeling period.
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Figure 4 Comparison of measured (£10%) and modeled cumulative sand flux at the 3 gages.
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Because the model was calibrated to match the total flux (Tmt in fig. 4 is thousand metric tons),
the appropriate test of model performance is how well the model tracks the measurements within
the time period, i.e. how well it simulates fining during tributary inputs and subsequent
coarsening. We tested this by computing the percentage of time that the modeled cumulative flux
was within the measurement uncertainty envelope. For each gaging site, the model was within
the measurement uncertainty about 70% of the time with the greatest deviations occurring in the
first two years of the simulation (thus potentially related to uncertainty in initial conditions). For
comparison, the model was run for the UMC reach without computing changes in the bed
composition, i.e. as a stable rating curve approach using the same calibration approach for A. The
result (red line in fig. 4 top) illustrates the advantage of the size specific rating curve and bed
composition calculations — the stable rating curve is within the measurement uncertainty only
30% of the time.

Figure 5 (left panel) compares modeled versus measured monthly sand fluxes for the three gages,
an important comparison because Glen Canyon Dam operations are scheduled on a monthly
basis and thus the model will likely be applied to evaluate different monthly operations. The
model captures the general behavior fairly well, but there is also substantial variability and some
indication that the model over-predicts medium-range fluxes and slightly under-predicts the
highest fluxes. Defining R as the ratio of measured to modeled monthly flux allows for numerical
comparisons as follows: median R = {1.03, 1.30, 1.18}; % of months with 0.5<R<2 = {96%,
86%, 96%}; and % of months with 0.8<R<1.25 = {49%, 39%, 47%]}, respectively for RM30,
RM61, RM87 in each case. Thus, a very high percentage of the modeled fluxes are within a
factor of 2 of the measurements but only about 50% are within a factor of 1.25.
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Figure 5 Comparison of measured and modeled monthly sand fluxes (left) and annual sand
budgets (right) for the three monitoring sites and reaches.

Figure 5 (right panel) compares the measured and modeled annual sand budgets (i.e. annual
change in storage on a mass basis) for each of the three reaches. The model proves capable of
reproducing periods of substantial accumulation as well as erosion. The model performance for
the sand budgets is a function of modeled annual sand fluxes and the ratios of measured to
modeled annual flux are always within a factor of 1.5 and mostly within a factor of 1.25. Thus,
model performance tends to improve as results are integrated over longer time scales.
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The monthly and annual comparisons, in particular the comparison with a stable rating curve
approach, indicate that the model is capable of simulating sequences of sand accumulation and
bed fining followed by erosion and bed coarsening. This is further illustrated in fig. 6 which
shows the modeled sand thickness (top) and median bed particle size (bottom) for the upper
Marble Canyon reach. Several examples of accumulation and fining followed by erosion and
coarsening are apparent, the most significant being the Paria River flooding in October 2006.
Measurements of sand thickness and bed Dsy in short reaches (described previously) are in
general agreement with the model for overall trends but the magnitudes can be quite different.
The measurements exhibit greater variability likely because the reaches constitute only a small
percentage of the modeling reaches (and may be located directly below tributaries).
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Figure 6 Modeled sand thickness (top) and bed Ds, (bottom), illustrating accumulation and fining
during tributary floods and erosion and coarsening during mainstem high flows.

The HFEs in Nov-04 and Mar-08 provide excellent tests of the models’ ability to simulate
depletion of sand supply characterized by erosion and coarsening of the bed. Though these
releases are designed to facilitate sandbar deposition in eddies, they also export significant
amounts of sand from the system (Topping et al., 1999, 2006). Modeled and measured
suspended-sand concentrations for the three gage sites for the two releases are shown in fig. 7;
the supply depletion is apparent from the measured decrease in concentration during the constant
peak discharge. In general, the model does a good job of simulating this decrease in
concentration as well as differences between the two events in terms of the overall concentration
magnitude. That is, the model predicts higher concentrations in Mar-08 (fig. 7 bottom row) than
in Nov-04 (fig. 7 top row) and captures the downstream increase in concentration in Mar-08 that
was less apparent in Nov-04. This indicates the ability of the model to accurately route the
tributary sand inputs that control the antecedent reach-based supply for the events. There is a
general tendency, however, for the model to under-predict concentrations on the rising limb of
the hydrograph (and thus the peak concentration), particularly for the RM87 gage. This could be
due to several of the various assumptions in the model (e.g. reach-averaging, complete bed
mixing, lack of vertical structure in bed particle size, local equilibrium).
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Figure 7 Measured (red) and modeled (blue) concentrations during the 2004 (top row) and 2008
(bottom row) HFEs at the 3 gages. Y-axis scale is the same on all panels for comparison.

LIMITATIONS OF THE APPROACH

The modeling approach described herein is empirical in nature and substantially simplified with
respect to the processes known to govern sediment transport in the study reach. The empiricism
and simplifications were necessary to meet the goals of the modeling, in particular long-term
simulation of the sand budget, but also result in several limitations as follows: 1) though the
approach should have general applicability to rivers with a thin layer of sand overlying bedrock,
the model coefficients (especially A) are site-specific and thus do not have general applicability;
2) the reach-averaged nature of the model requires that local effects of the pool-rapid-eddy
morphology are not captured; 3) the use of long reaches and assumption of complete mixing of
the bed sediment dictate that rapid responses due to changes in sediment supply will tend to be
“smoothed out” in space and time, even though a short time step is necessary due to sub-daily
discharge variation (i.e. hydropower fluctuations); 4) though it is known that the river bed is
typically coarser in the deeper main channel than in shallower eddy environments and this
gradation changes as a function of sand supply, the assumption of complete bed mixing
precludes modeling this phenomenon; and 5) for the same reason, the model cannot simulate a
scenario where a coarse surface layer temporarily precludes access to a finer substrate.

Finally, we note that the model was calibrated to conditions prevailing in the river between 2002
and 2009, and because of its empirical nature applications to conditions outside of the calibration
period should be treated with extreme caution. For example, the model cannot simulate changes
in the areal coverage of sand on the bed (e.g. Topping et al., 2007b); i.e. this effect is lumped
into the calibration parameters (specifically A). Tests of the model against data from immediately
post-dam (1965), when there was significantly more sand in the system, indicate that the model
substantially under-predicts the concentrations. This could be due to changes in areal coverage or
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other effects (such as the vertical distribution of sand in the channel). These comparisons thus
suggest that for conditions of very large accumulation (substantially more accumulation than
occurred during 2002 — 2009) the model will tend to under-predict concentration and predict
more accumulation than would actually occur. Because of this and other limitations, it is
imperative that the model be used in concert with an ongoing monitoring program. This allows
for continued evaluation of the model under different conditions, and improvements to the model
formulation if necessary.

CONCLUSIONS

The modeling approach described herein was designed to facilitate long-term simulations while
capturing a fundamental mechanism controlling transport rates in the study reach, i.e. supply-
driven changes in bed particle size and suspended-sediment concentration. This was achieved
using a particle-size-specific form of sediment rating curves combined with a simplified form of
the Exner equation for bed material size distribution accounting. A primary objective of the
modeling approach was the ability to simulate long-term sand budgets for the Colorado River
below Glen Canyon Dam. Model parameters were calibrated such that the total sand flux from
each reach matched the measured flux for the period Sep-02 through Mar-09. Comparisons
between measured and modeled monthly sand fluxes and annual sand budgets showed the model
capable of simulating the variability in sand flux resulting from discharge variability as well as
changes in sand supply due to tributary floods. Examination of modeled sand thickness and bed
Dso confirmed the models’ ability to simulate accumulation of sand accompanied by bed fining
during and immediately following tributary flooding, followed by erosion and bed coarsening
during tributary quiescence and high flow releases from the dam. Comparisons of measured and
modeled suspended-sand concentrations during the high flow releases in Nov-04 and Mar-08
indicate that the model can simulate the effects of different antecedent sand supply conditions as
well as sand supply depletion during the peak discharge; however, the model tends to under-
predict concentrations on the rising limb of the hydrograph most notably at the most downstream
gage. The model was also shown to provide significant improvement over a stable rating curve
approach for our study site, as expected. Finally, though these comparisons provide confidence
for application of the model to forecast future conditions under various management scenarios,
the empirical and simplified nature of the model lead to several limitations such that application
of the model to conditions substantially outside those of the calibration period should be viewed
with caution. Despite these limitations, the modeling approach provides an attractive alternative
to the standard sediment rating curve approach for modeling long-term sediment budgets when
the effects of supply limitation are important.
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