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Abstract Evaluation of runoff and sediment load is the
main problem that affects the performance of dams due to
the reduction in the storage capacity of their reservoirs and
their effect on dam efficiency and operation schedule.
Hydrologic models are increasingly used for simulation of
spatially varied hydrologic processes with the availability
of spatially distributed data to understand and manage
natural and activities that affect watershed systems if the
continuous field measurements are not available. Soil and
water conservation and also quantification of soil loss in
watershed basins are a significant issue. In this study, the
Soil and Water Assessment Tool (SWAT) and the Water
Erosion Prediction Project (WEPP) are applied to estimate
runoff volume and sediment load for Torogh dam reservoir
area that is located in Kashafrood Watershed Basin in
northeastern Iran. Simulated and observed runoff and
sediment load are compared with these models. In the
calibration period, the Nash—Sutcliffe coefficient (NSE)
values for the SWAT and WEPP were 0.698 and 0.854 for
runoff, and 0.667 and 0.832 for sediment load, respec-
tively. In the validation period, the NSE values for SWAT
and WEPP were 0.678 and 0.824 for runoff, and 0.809 and
0.816 for sediment load, respectively. The results indicate
that both models gave reasonable results in comparison
with measured values. Simulation with WEPP model was
better than SWAT in some cases and with reasonable
confidence could be used for soil loss quantification in the
watershed basin of Torogh dam.
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1 Introduction

Torogh dam reservoir area (TDRA) is one of the sources of
water supply in Khorasan Razavi Province (KRP) in Iran.
Sediments are one of the major issues of dam operation.
They decrease the storage capacity of the reservoir, and
they can cause serious problems concerning the operation
and stability of the dam (Wang et al. 2013). One of the
important factors in reservoirs design and operation is the
sedimentation problem. Sediment delivered to the reservoir
comes from two main sources. The first is the main river
entering the reservoir, and the second is the side valleys on
both sides of the reservoir. Therefore, investigation of
hydrological components such as runoff and sediment load
is a major problem in this area. Due to the importance of
the problem, several models were developed and then
modeling technique was adopted and various methods were
used for estimating the runoff and sediment load. Soil
erosion and runoff models can be divided into empirical
and physically based models. The empirical models like
Universal Soil Loss Equation USLE (Wischmeier and
Smith 1965), Modified Universal Soil Loss Equa-
tion MUSLE are easy to apply and correlate directly the
sediment yield with precipitation and soil properties based
on measured values, while the physically based models can
describe the physical mechanism of sediment load in detail
and can simulate the individual components of the entire
erosion process by solving the corresponding equation.
Based on this, it is stated that physically based models have
a wider range of applicability and are also generally better
in assessing both spatial and temporal variability of the
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natural erosion processes. The SWAT and WEPP are
physically based models that simulate sediment load and
deposition using a spatially and temporally distributed
approach. These models were applied with researches in
different regions with various conditions (Ashagre 2009;
Shawul et al. 2013; Mohammad et al. 2016; Afzali et al.
2015; Akbari et al. 2015; Olotu et al. 2013).

The objective of this study is to evaluate the runoff and
sediment load entered to Torogh dam reservoir area
(TDRA) based on application of both WEPP and SWAT
models. Also, evaluation of the models performance for
estimation runoff and sediment load is another objective
that has not been studied for this area up to now. These
models were selected based on their wide usability, validity
and they confer the benefit of having the most up-to-date
technology, and also have been tested on many agricultural
watersheds. However, there have been few comparisons of
the simulations of soil erosion and runoff between these
two models; SWAT has been compared to models of the
same or relevant module of WEPP to sediment and runoff
simulation. This paper will mainly discuss the differences
between the empirical and physical modules of the two
models that no research in Torogh dam reservoir water-
shed. It is noteworthy to mention that Iran is suffering from
water shortage problems now and it is very important to
know the actual capacity of the reservoir to attain prudent
management of water resources in the country.

2 Materials and Methods
2.1 Study Area

The Torogh watershed is situated in the south-east-
ern Mashhad county and one of the subbasins of Kasha-
frood Watershed Basin (KWB) in Khorasan Razavi
Province of Iran (Fig. 1). The central coordinates of the
watershed are 59°34'55”N and 36°34'21”E. The total area
of watershed is 163.12 km”>. The mean slope of the
watershed area is 37.4%, and the maximum slope of some
hilly parts is 51.8%. The mean annual air temperature is
11.4 °C, while the minimum monthly mean temperature is
5.3 °C in January and the maximum is 28.8 °C in July.
Mean annual precipitation is 317.4 mm. Main land use
types are water tillage, dry farm tillage, pasture and resi-
dential field. The models require climate data that include
daily values for precipitation, temperature, solar radiation,
relative humidity and wind speed. Rainfall data for the site
were collected at the Kartian hydrometry station. The other
required climate data were collected at the Mashhad county
weather station. Management input files were built for
watershed from management records of the experimental
field investigation. The DEM was developed from the

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

watershed contour map. Soil and land use information were
from interpretation of IRS P6 LISS-4 (5 m resolution)
satellite imagery, based on field investigation. The daily
runoff and sediment load were measured by the Kartian
hydrometry station. Slope data were derived from the
contour map.

2.2 Description of Applied Models
2.2.1 WEPP Model

Water Erosion Prediction Project (WEPP) is a physically
based model to predict deposition and sediment load, flow
and soil detachment. It is a continuous simulation model
developed by The United States Departments of Agricul-
ture and Interior. The model considers the hydrology, plant
growth, flow and erosion and deposition process for hill
slopes and relatively small watersheds, and it was publicly
released in 1995 (Flanagan et al. 2007). It computes spatial
and temporal distribution of sediment load and deposition,
based on which conservation measures can be selected to
most effectively control soil erosion (Flanagan and Nearing
1995). The continuous simulation of the model requires
more detailed data than empirical or single storm simula-
tion models. The topography as DEM, soil properties, land
cover and management in addition to climate data are the
main input data to the model. The surface runoff which is
based on excess rainfall is computed by using kinematic
wave equations and approximation to the kinematic wave
solution, and infiltration is estimated by Green Ampt Mein
Larson (GAML) model in the following form. The GAML
equation uses a direct relationship between infiltration and
rainfall rate based on physical parameters allowing con-
tinuous surface runoff simulation:

(1 20) 0
inf,z

where Fi,r; is the infiltration rate at time ¢ (mm h™h, K. is
the effective hydraulic conductivity (mm h™"), W,y is the
wetting front matric potential (m), A#, is the change in
volumetric moisture content across the wetting front, and
Fine, is the cumulative infiltration at time ¢ (mm). The
sediment load for both hill slope and channel flow consists
of detachment, transport and deposition. The steady-state
continuity equation for sediment load estimation down a
hill slope profile is considered in the following form:

dG
—~ _Di+D, 2
] ¢+ (2)

"'m™"), x represents dis-

where G is sediment load (kg s~
tance downslope (m), Dy is rill erosion rate (kg sT'm™),
and D is inter-rill sediment delivery to the rill (kg s ' -

m~?). D; is considered as independent of x, and always >0.
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Fig. 1 Location of watershed basin of Torogh dam

Dy is >0 for detachment and <0 for deposition. For model
calculations, both Dy and D; are computed on a per rill area
basis, and thus, G is solved on per unit rill width basis.
After computations, sediment load is expressed as sediment
load per unit land area.

2.2.2 SWAT Model

Soil and Water Assessment Tool (SWAT) is a continuous
simulation model developed by the USDA-Agricultural
Research Service. It is a physically based model to estimate
runoff, chemical and sediment transport within the water-
shed scale for daily time step (Arnold et al. 1998). The
surface runoff estimation in the model can be done by two
methods, the soil Conservation Service Method (USDA-
SCS), Curve Number (CN) method and the Green and
Ampt method (Neitsch et al. 2009). The daily precipitation
data are required to estimate the surface runoff by SCS
curve number method, and the curve number estimation is
dependent on certain soil type (permeability), land use and
antecedent soil moisture conditions. The Green and Ampt
infiltration method required a sub-daily precipitation data
to estimate the infiltration rate based on hydraulic con-
ductivity and metric potential of wetting fronts. The SCS
curve number method was considered in this study, it is an
empirical method to estimate the surface runoff based on
studies of different rainfall-runoff relationships for small
rural watersheds, and then developed for different types of
soils and land use (Neitsch et al. 2009). The equation of

estimating the runoff depth in SCS curve number method is
(Williams and Laseur 1976):

Reay — L)’
qurf:((dy )

—~ = Y 3
Raay — I, + ) ®)

where Qg is the accumulated runoff or rainfall excess
(mm), Ryay is the rainfall depth for the day (mm), I, is the
initial abstraction, which includes surface storage, inter-
ception and infiltration prior to runoff (mm) and S is a
retention parameter (mm) that varies among sub-water-
sheds according to soil type, land use, management and
slope. Retention parameter also varies with time because of
changes in antecedent soil water content and is related to
CN by the SCS equation below:

1000
§=254(———10 4
<CN ) (4)

The curve number for normal moisture condition is
identified based on soil type and land use, and then, it is
modified based on antecedent moisture condition. The
sediment load estimation in SWAT model was executed for
each hydrological response unit (HRU) and divided into
two phases, overland phase and channel flow. The Modi-
fied Universal Soil Equation (MUSLE) (Arnold et al. 1998)
was considered to estimate the erosion and sediment load
from rainfall and overland flow in the following form and
other factors of the erosion equation are evaluated as
described by Wischmeier and Smith (1965):
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where Sed is the sediment load (ton) on a given day, Qg.r
is the surface runoff volume (mm ha™}), Jpeak 1s the peak
runoff rate (m> s™1), Ay, is the area of the HRUs (ha), K
is the USLE soil erodibility factor, Cyg is the USLE cover
and management factor, P is the USLE support practice
factor, Lyge is the USLE topographic factor, and F g, is the
coarse fragment factor. Then, the simple form of stream
power theory was applied to estimate the channel sediment
routing including degradation or deposition. The channel
bed and bank erosion will occur when stream flow trans-
port capacity is greater than sediment load (coming from
upstream region) at that reach and flow shear stress is
greater than the stress required to detach the soil particles.
While the deposition will occur in the case that sediment
load is greater than transport capacity, the rate of sediment
deposition depends on the fall velocity of particles.

2.3 Sensitivity Analysis, Calibration and Validation

In recent years, hydrological models have been increas-
ingly used by hydrologists and water resources managers to
understand and manage natural and human activities that
affect watershed systems. These models can contain
parameters that cannot be measured directly because of
measurement limitations and scaling issues (Beven 2000).
For practical applications in solving water resources
problems, model parameters are calibrated to produce
model predictions that are as close as possible to observed
data. When calibrating a hydrological model, one or more
objectives are often used to measure the agreement
between observed and simulated values. To calibrate the
models, sensitivity analyses were performed for 2004 and
2005 by changing the value of a parameter within an
acceptable range and observing the runoff and sediment
load output. Sensitivity analysis evaluates the relative
magnitudes of changes in the model response as a function
of relative changes in the values of model input parameters.
The sensitivity ratio, Sen was determined as (McCuen and
Snyder 1986):

Y2 - Yl h-n)/y
A ATh (6)

Sen =

where X; and X, are the least and greatest values of input
used, X is the average of X, and X,, Y, and Y, are the
corresponding outputs for the two input values, and Y is the
average of the two outputs. The parameter Sen is a function
of the chosen range for nonlinear response. The parameter
that produced the maximum sensitivity was adjusted first,
followed by the other parameters. The input parameters
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that showed negligible variation were not calibrated and
were taken as model default values. Thus, the calibration
process focused mainly on input parameters that control
runoff and sediment production. Once the model was cal-
ibrated, it was run with the calibrated parameters, and the
runoff and sediment load values predicted for the valida-
tion period. The simulated values by different models were
evaluated by visual inspection of plots of the range of
observed and simulated values. The root-mean-square-er-
ror (RMSE), deviation (R.) and Nash—Sutcliffe (NSE) were
computed as criteria for goodness-of-fit. The model effi-
ciency (NSE) is expressed as (Nash and Sutcliffe 1970):

YL (0i-P)
S (0 - 0

where O is the mean of observed values. The range of NSE
values is from —oo to 1, with 1 indicating a perfect fit.
However, a shortcoming of the Nash—Sutcliffe statistic is
that it does not perform well in periods of low flow. If the
daily measured flow approaches the average value, the
denominator of the equation tends to zero and NSE
approaches negative infinity, with only minor prediction
errors of the model. This statistic works well when the
coefficient of variation for the data set is large (Pandey
et al. 2008). The deviation of runoff and sediment values is
given by the following equation (Yen 1993):

R, = (Pi ; Oi> x 100 (8)

i

ENS = (7)

The smaller the absolute value of R, is, the better the
model results are. The RMSE is defined as (Thomann
1982):

; 1/2
RMSE = (—Z“ (0 = Pi)z) (9)

n

where O; and P; are the observed and predicted values for
the ith pair, and n is the total number of paired values. The
smaller the RMSE, the closer simulated values are to
observed values.

3 Results and Discussion

The models were run to perform sensitivity analyses after
the input files were created. For the SWAT model, CN2
(initial SCS runoff curve number for moisture condition II),
ESCO (soil evaporation compensation factor), SOL_AWC
(available water capacity of the soil layer) were the most
sensitive parameters for runoff, and CN2, ESCO and
SPCON (linear parameter for calculating the maximum
amount of sediment that can be re-entrained during channel
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sediment routing) were the most sensitive for soil erosion.
For the WEPP model, K, (effective hydraulic conductivity)
was found to be the most sensitive parameter for runoff,
and baseline K; (inter-rill erodibility), K. (effective
hydraulic conductivity), K, (rill erodibility) and t. (critical
hydraulic shear stress) values were most sensitive for soil
erosion. In the present study, the models were calibrated
with measured data at the watershed level. The Torogh
watershed data from May 2004 to December 2005 were
used for the calibration. The calibration SWAT and WEPP
models were then used to simulate monthly runoff and
sediment load for the years 2006 and 2007; the measured
monthly runoff and sediment load values were compared
with simulated values to evaluate the model validation
performance. The simulated monthly mean runoff values of
the WEPP and SWAT models for the calibration and val-
idation periods were compared with observed values
(Fig. 2). The observed and simulated monthly mean runoff
values along with 1:1 line for the calibration and validation
periods are shown in Fig. 3. The simulated peak values
matched consistently well with the measured peak values
for runoff throughout all years for both models (Fig. 2).
The high coefficient of determination (Table 1) indicates a
positive relationship between the measured and simulated
runoff for most months, except for the SWAT runoff val-
idation (Fig. 3). Furthermore, reasonably high NSE values
for the calibration and validation periods (0.698 and 0.678
for SWAT and 0.854 and 0.824 for WEPP) indicated sat-
isfactory performance of both models (Table 1). The R,
values between the simulated and observed monthly mean
runoff values for the SWAT and WEPP models were —3.7
and 8.6% for the whole calibration period, and 10.8 and
10.3% for the whole validation period, respectively. These
results along with other criteria indicate satisfactory overall
prediction of monthly mean runoff by the WEPP and
SWAT models during the calibration period. For the
SWAT model, the performance for runoff in the validation
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period was slightly degraded compared to the calibration
data, but it was still acceptable. The absolute R, values for
the SWAT model were higher than those of the WEPP
model. The NSE value for WEPP was higher than that of
the SWAT model. An important reason for this phe-
nomenon is the different runoff calculating methods in the
models. The WEPP model uses the GAML equation, while
the SWAT model has two methods for estimating surface
runoff: the SCS curve number procedure and the Green—
Ampt infiltration method. The GAML method considers
rainfall duration as a time step in solving the infiltration
equation. When infiltration rate is greater than rainfall
intensity, no excess rainfall is calculated. Therefore, when
the GAML method is used for rainfall-runoff modeling,
more water is held in the soil profile. In the SCS runoff
equation, CN is a dimensionless index determined by
hydrologic soil group, land use, land treatment, hydrolog-
ical conditions and antecedent moisture condition. The
main criticism of the SCS-CN method is that the amount of
simulation runoff is not sensitive to rainfall intensity. Thus,
the method would compute the same amount of runoff,
given the same amount of total rainfall, independent of
even duration or the distribution of rainfall intensity during
the event. In the calibration process, WEPP responded well
for relatively lower runoff than SWAT, whereas SWAT
performed better than WEPP for simulated runoff above
0.4 m?s™'. At this point validation, results show the
superiority of the WEPP model throughout (Fig. 2).

The reason for the worse performance of SWAT may be
that the empirical parameters, such as CN2 and ESCO,
resulted in relatively large uncertainty in simulating low
runoff. These parameters were among the most sensitive
parameters for SWAT, and they could significantly affect
the runoff process. For example, canopy interception is
calculated according to above ground biomass in the
WEPP model (Flanagan and Nearing 1995), while it is
lumped into the term of CN2 in the SWAT model (Neitsch
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Fig. 2 Observed and simulated runoff for watershed basin of Torogh dam
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Fig. 3 Comparison of simulated runoff between WEPP and SWAT
Table 1 Statlsgcal analysis of Models Periods Mean runoff (m?/s) R. (%) RMSE R’ NSE
observed and simulated runoff
Observed Simulated
SWAT Calibration 0.0429 0.0411 -3.7 0.017 0.8127 0.698
Validation 0.338 0.0377 10.8 0.023 0.7671 0.678
WEPP Calibration 0.0426 0.0465 8.6 0.011 0.9374 0.854
Validation 0.0338 0.0367 10.3 0.011 0.9765 0.824

et al. 2009). Unsaturated flow between soil layers is indi-
rectly estimated by the distributions of plant water uptake
and soil water evaporation through two parameters: ESCO
and EPCO (the plant uptake compensation factor). For the
WEPP model, most simulated runoff values were greater
than the observed values. For the SWAT model, there were
more underestimates of peak flow than overestimates. One
possible cause may be that CN is updated using changes in
soil moisture. In SWAT, the CN value is updated using
available water content of the entire soil profile. However,
it is probably more appropriate to update the CN values in
accordance with soil water content of the topmost soil
layer, which would more closely reflect the process of
surface saturation during heavy rainfall events. Analysis of
results showed that WEPP predicted runoff slightly better
than SWAT. Given a choice, the WEPP model is recom-
mended to simulate runoff for the Torogh watershed. The
simulated monthly mean sediment load values by the
WEPP and SWAT models for the calibration and valida-
tion periods were compared with observed values (Fig. 4).
The observed and simulated monthly mean sediment loads
for the calibration and validation periods along with 1:1
line are shown in Fig. 5. The simulated peak values match
consistently well with the measured peak values for sedi-
ment in all years for both models (Fig. 4). The high coef-
ficient of determination (Table 2) indicated a positive
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relationship between the simulated and measured sediment
loads (Fig. 5). Reasonably high NSE values for the cali-
bration and validation periods (0.667 and 0.809 for SWAT
and 0.832 and 0.816 for WEPP) showed that the models
performed satisfactorily (Table 2). During calibration, the
R. between the mean simulated and observed sediment
values for the SWAT and WEPP models was —23.7 and
5.6%, respectively (Table 2). The NSE value of the WEPP
model was higher than the SWAT model. However, the
overall predictions of monthly mean sediment by the
WEPP and SWAT models during the calibration period
were satisfactory and so used for further analysis. For the
SWAT model, the performance for sediment load in the
validation period was slightly better compared to the cal-
ibration period (Table 2).

Taking the validation period as a whole, the mean R,
values for the SWAT and WEPP models were —30.6 and
—2.8%, respectively. There was a trend in the present study
that illustrates the greater the amount of eroded sediment,
the smaller the R, values for both the SWAT and WEPP
models were and vice versa. The result is also reasonable
since a given R, value by either model will result in a
greater relative effect on smaller erosion values. For both
the WEPP and SWAT results, most simulated peak values
were less than the observed values. For non-peak situa-
tions, WEPP simulated values were often larger than
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Fig. 5 Comparison of simulated sediment load between WEPP and SWAT
Table 2 Statistical analysis of ;41 periods Mean sediment load (ton) R.(%) RMSE R NSE
observed and simulated
sediment load Observed Simulated
SWAT Calibration 35.85 26.91 —23.7 54.901 0.6486 0.667
Validation 36.65 24.95 —-30.6 37.971 0.8077 0.809
WEPP Calibration 35.84 37.90 5.6 21.608 0.9448 0.832
Validation 36.63 34.31 —2.8 12.543 0.9817 0.816

observed values, but SWAT simulation had the opposite
result. The deviations may be attributed to errors associated
with manual measurement and calculation in estimating
runoff from the measured cross-sectional area and runoff
velocity at the watershed outlet. The sediment loads were
only measured on rainfall days, when there was little or no
rain, then sediment load was zero by default. This mea-
surement error results in lower sediment load than in reality
for non-peak situations. However, the sediment load of the
overestimated part was relatively small for non-peak situ-
ations. Therefore, to some degree, WEPP simulation could

well represent the reality for these situations. The analysis
showed the WEPP simulated sediment load better than
SWAT. For the calibration and validation periods, all cri-
teria of the WEPP model including R., and NSE were
better than those of the SWAT model. WEPP uses the
steady-state sediment continuity equation to predict soil
loss, while in SWAT the sediment load simulation is per-
formed using the MUSLE module, a modified version of
USLE. In MUSLE, the rainfall energy factor is replaced
with a runoff factor and optimizes hydrologic process of
sediment load and thus allows the equation to be applied to
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individual storm events and improve the sediment load
prediction. However, in the present study, monthly mean
sediment load was predicted and no storm event was
simulated, so the advantages of using MUSLE instead of
USLE to MUSLE was not obvious, i.e., the outcomes of
MUSLE were similar to those of USLE. Some studies have
explained the defects of USLE; USLE is an empirical
model, developed to assess field-scale sediment load, not
sediment detachment and transport at the watershed scale
(Morgan 1995). Limitations of the SWAT simulation can
be attributed to its dependence on many empirical and semi
empirical parameters, but is probably not well suited to
conditions of the Torogh watershed. Additionally, the
rather poorer runoff simulation in SWAT affected its sed-
iment load simulation.

4 Summary and Conclusion

In this study, the prediction capabilities of WEPP and
SWAT were tested on a semiarid watershed in Khorasan
Razavi in Iran (Torogh dam reservoir area). The sensitivity
analysis showed that in SWAT model and for runoff the
CN2, ESCO and SOL_AWC parameters and for sediment
load CN2, ESCO and SPCON were the most sensitive
parameters and also in the WEPP model for runoff K. and
for sediment load K., K;, K, and 7. were the most sensitive
parameters. Results of calibration and validation indicated
that sediment load and runoff outputs are relatively well
simulated with both models. In WEPP model, the high
values of NSE and R* and the low values of RMSE in
relationship with SWAT model indicate that the WEPP
model provided better prediction than the SWAT model for
both runoff and sediment load. Runoff and sediment yield
were simulated with constant soil and land use data for this
region. The effects of climate and land use changes on
runoff and sediment load on this region in different future
time periods will be investigated by SWAT and WEPP
models.
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