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Abstract: Dokan is a multipurpose dam located on the Lesser Zab River in the Iraq/Kurdistan region.
The dam has operated since 1959, and it drains an area of 11,690 km2 . All reservoirs in the world suffer
from sediment deposition. It is one of the main problems for reservoir life sustainability. Sustainable
reservoir sediment-management practices enable the reservoir to function for a longer period of time
by reducing reservoir sedimentation. This study aims to assess the annual runoff and sediment loads
of the Dokan Dam watershed using the soil and water assessment tool (SWAT) model to evaluate
the relative contributions in comparison with the total values delivered from both watershed and
Lesser Zab River and to identify the basins with a high sediment load per unit area. These help in the
process of developing a plan and strategy to manage sediment inflow and deposition. The SUFI-2
program was applied for a model calibrated based on the available field measurements of the adjacent
Derbendekhan Dam watershed, which has similar geological formations, characteristics and weather.
For the calibration period (1961–1968), the considered statistical criteria of determination coefficients
and Nash–Sutcliffe model efficiency were 0.75 and 0.64 for runoff while the coefficients were 0.65
and 0.63 for sediment load, respectively. The regionalization technique for parameter transformation
from Derbendekhan to Dokan watershed was applied. Furthermore, the model was validated based
on transformed parameters and the available observed flow at the Dokan watershed for the period
(1961–1964); they gave reasonable results for the determination coefficients and Nash–Sutcliffe model
efficiency, which were 0.68 and 0.64, respectively. The results of SWAT project simulation for Dokan
watershed for the period (1959–2014) indicated that the average annual runoff volume which entered
the reservoir was about 2100 million cubic meters (MCM). The total sediment delivered to the
reservoir was about 72 MCM over the 56 years of dam life, which is equivalent to 10% of the reservoir
dead storage. Two regression formulas were presented to correlate the annual runoff volume and
sediment load with annual rain depth for the studied area. In addition, a spatial distribution of
average annual sediment load was constructed to identify the sub basin of the high contribution of
sediment load.
Keywords: Dokan Dam; runoff; sediment load; SWAT

1. Introduction
Most of the dams, storage schemes, and different hydraulic structures around the world suffer
from sedimentation problems. For dams and reservoirs, this effect is mainly concerned with the design
capacity and operation schedule. The main source of reservoir sediments is the main river flow in
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addition to the runoff water, carrying the sediment load from watersheds and valleys surrounding
the reservoir.
After a long period of dam operation, it is usually necessary to evaluate the current storage
capacity of the reservoir relative to that in the design stage. The runoff and sediment load delivered to
the reservoir could be estimated based on measured values of continuous river flow. Schleiss et al. [1]
highlights and discusses the main matters concerning reservoir sedimentation. The reservoir
sedimentation problem should be considered from the early stages of planning design and operation.
In addition, the sedimentation process can create problems downstream from the dam which should
also be considered in the planning and design stages.
Physically based models are usually used in cases where runoff and sediment load data records
are not available. These models are of two types, which are referred to as single storm models
and continuous simulation models. The Areal Non-Point Source Watershed Environment Response
Simulation (ANSWERS) is developed by Beasley et al. [2]; and the European Soil Erosion Model
(EUROSEM) was improved by Morgan et al. [3]; all of those models mentioned are examples
of the former models. Examples of the latter are the spatially distributed erosion and sediment
yield component, chemicals, runoff and erosion from agricultural management systems CREAMS
(Science and Education Administration; Department of Agriculture, Washington, WA, USA) which
are proposed by Knisel [4]; the SHESED model (the hydrologic and sediment transportation model
of hydrological modeling system (SHE)) which is proposed by Wicks and Bathurst [5]; and the soil
and water assessment model (SWAT) that was developed by Arnold et al. [6]. The SWAT model is
the most commonly used model and, for this reason, a number of researchers have modified this
model for different purposes (see [7,8]). Durao et al. [9] estimates the transported nutrient load in the
Ardila River watershed in Spain by applying the SWAT model in order to identify the contribution
of this load to the whole watershed. The model is applied to simulate long-period data; the real
daily precipitation data is considered for the period 1930–2000. The considered flow data for model
calibration and validation extend from 1950 to 2000, and nutrient data stretch from 1981 to 1999.
The results indicate that the main source of diffusion prolusion comes from the main tributaries of
Spain. Wang et al. [10] tests the possible conservation practices within a rangeland watershed using
the agricultural policy/environmental extender (APEX). The model is calibrated and validated for
both flow and sediment yield for the Cowhouse Creek watershed in north Texas. The analysis of the
scenario extends from 1951 to 2008. It shows that a significant reduction reaches to 58.8% of overland
sediment losses from the area covered by a range brush to range grass. This reduction is due to the
replacement of shrub species with herbaceous species within the subareas. Samaras and Koutitas [11]
evaluates the effect of land-use changes in a watershed on coastal erosion for a selected area in north
Greece. They apply both the SWAT model and a shoreline evolution model, a shoreline evolution
model, for this purpose. The simulation is applied before and after land use change using three
formulas of sediment transportation. The result indicates that a reduction in crop/land use cover from
23.3% to 5.1% leads to a reduction in both watershed sediment yield and sediment discharge at the
outlet by (56.4%) and (26.4 to 12.8%), respectively. This study can be considered as a suitable tool and
guide for future work in the same field. Samaras and Koutitas [12] studies the effect of climate change
on sediment transport and morphology. The study is applied to a selected sandy coast area and its
watershed in North Greece. Both SWAT models are implemented for the watershed and PELNCON-M
is implemented for the coastal area to achieve the study aims. Two scenarios are employed; the first
one is considered to be an extreme rise in the precipitation depth on the watershed, and the second
one is considered to be an extreme rise in waves in the coastal area. Results of the first scenario shows
a significant effect on erosion, sediment transport, sediment yield and discharge at the watershed
outlet, while the second scenario indicates a lower effect on the coastline variation. Arnold [13]
developed the SWAT + CUP model ( SWAT Calibration and Uncertainty Programs, Swiss Federal
Institute of Aquatic Science and Technology, Zurich, Switzerland), which provides a semi-automatic
tool for decision-making for the SWAT model by applying both manual and automated calibration
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and incorporating both sensitivity and uncertainty analysis. A number of previous studies [14–17]
were applied using the SWAT model to estimate runoff, sediment yield and/or other soluble materials
for ungagged watersheds based on neighboring or similar property watersheds. Another technique is
used for flow and erosion, and sediment transport is the distributed mode. Juez et al. [18] simulates
the hydro-sedimentary response of the Western Mediterranean catchment to a representative rainfall
storm. The simulation combines the distributed flow surface model with the empirical model for
infiltration, the Soil Conservation Services Model (SCS), and the erosion model, which is the Hillslope
Erosion Model (HEM), considering water depth and flow as a 2D model. The present model is a tool
for analyzing the hydro-sedimentary process at a temporal and special scale.
Most countries in the Middle East suffer from water shortage problems, where the annual
allocation per capita does not exceed 500 m3 [19]. For this reason, water is essential to life,
socioeconomic development, and political stability in this region. Future prospects are negative;
therefore, this problem is expected to be more chronic and severe in future [20]. Iraq used to be
considered to be a relatively rich country in terms of its water resources, until the mid-1970s, because
of the presence of the Tigris and Euphrates Rivers [21]. Due to regional and internal problems in Iraq,
the estimation of the overall water required is about 75–81 billion cubic meters (BCM) [22], while the
available quantity is 59–75 BCM and will drop to 17.61 BCM in 2025 [23]. In view of this situation, it is
very important to know the actual storage capacity of the reservoirs—which are unknown now—so
that prudent water resources planning can be done. The sedimentation rate of several reservoirs was
recently investigated in Mosul and Dohuk. This is the third reservoir to be dealt with in Iraq. The bed
of the Dokan Dam reservoir (located in the northeast of Iraq) is surveyed by Hassan et al. [24], and this
studied the bed sediment using 32-bed samples distributed spatially over the reservoir. The results
indicate that the bed sediments of the reservoir are composed of silt (48%), clay (23%), gravel (15%)
and sand (14%).
All reservoirs in the world suffer from sediment deposition. This is one of the main problems for
reservoir life sustainability. Sustainable reservoir sediment-management practices enable continued
reservoir functioning for a longer period by reducing reservoir sedimentation. Iraq suffers from water
shortage problems, especially after the construction of a series of storage reservoirs in source countries
(Turkey, Syria and Iran), so the evaluation of the actual live storage capacity of dams is important
for the prudent management of the operation schedule. The aim of this study is to assess the annual
runoff and sediment loads of the Dokan Dam watershed (ungagged area) using a SWAT model set-up
based on the parameter transformation technique of the modeling-gauged Derbendekhan watershed
to learn the hydrological behavior of the area and to assess its contribution to the total values pouring
into the reservoir. Moreover, the set-up model helps us to find the spatial distribution of erosion and
annual sediment yield for the sub basins. This will help us to find the sub basins with a high sediment
yield and evaluate effective factors for them. These assessments help in the process of developing a
plan and a strategy for managing the sediment inflow and deposition.
2. Study Area
2.1. Location and Topography
The considered study area is the watershed of the Dokan Dam reservoir, situated in the northeast
of Iraq (Figure 1). Dokan dam is a concrete arch dam located in the Lower Zab River, about 65 km
southeast of Sulaimaniyah city and 295 km north of Baghdad, the capital city of Iraq. The dam height
is about 116 m at maximum river depth, having a total storage capacity of 6.87 × 109 m3 (6.14 × 109 m3
live storage and 0.73 × 109 m3 dead storage) at normal operation level of 511 m.a.s.l. [22]. The dam
has been built to serve irrigation, power generation, water supply and flood control needs. Due to the
limited observed data of flow at the Dokan Dam watershed and the unavailability of sediments load
data, the second watershed considered for this research is the Derbendekhan Dam watershed; it is the
nearest watershed to the study area. The properties of the Dokan and Derbendikhan watersheds are
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rain is the main source of irrigation. For these reasons, the land cover did not change widely through
muddy gravel (the main differences between the two types are the percent of gravel, which is 74% and
the study period since the operation of the dam from the year 1959 to the year 2014. The Dam and

56% for types 1 and 2, respectively). Figure 2 shows the shape file of soil type considered in the SWAT
model for the Dokan watershed.
The land use map for the years (1976–1979) [28] and available satellite image (NASA’s Landsat
GeoCover, 2007, with a spatial resolution of 14.25 m) indicates that the winter plants and pastures
represent the main part of the land use map of the studied area. This depends on rainfall as a main
source of irrigation water. The other parts are forests, vegetables and urban areas (villages). The land
use change is limited (see Table 2). This is mainly due to the geological nature of both watersheds.
In addition, the topography of the area does not enhance any changes. It is noteworthy to mention that

Water 2018, 10, 858

5 of 16

rain is the main source of irrigation. For these reasons, the land cover did not change widely through
the study period
the
operation
Dam
and the
Water 2018,since
10, x FOR
PEER
REVIEW of the dam from the year 1959 to the year 2014. The5 of
16
studied watershed are located away from the main cities, so changes in the urban and rural areas are
the studied watershed are located away from the main cities, so changes in the urban and rural areas
limited. Table
2 shows the percentage of different land use cover for the two periods of the available
are limited. Table 2 shows the percentage of different land use cover for the two periods of the
land use map.
available land use map.
Water 2018, 10, x FOR PEER REVIEW

5 of 16

the studied watershed are located away from the main cities, so changes in the urban and rural areas
are limited. Table 2 shows the percentage of different land use cover for the two periods of the
available land use map.

Figure 2. Soil type classification of the Dokan Reservoir watershed.

Figure 2. Soil type classification of the Dokan Reservoir watershed.
Table 2. Percentages of different land use types for two years of the studied period.

Table 2.
Percentages
of different land use types for two years of the studied period.
Year
Winter Plant and Pasture Forest Vegetables Urban Area (Village)
Year

1976–1979
77.3
22.0
0.5
0.2
Figure 2. Soil type classification of the Dokan Reservoir watershed.
Winter
Plant and
Pasture
Forest
Vegetables
Urban
2007
82.7
15.6
1.6
0.1 Area (Village)

types for two years
1976–1979 Table 2. Percentages
77.3 of different land use22.0
0.5of the studied period.0.2
Due to the small difference between the percentage of land cover for the two available years, a
2007
82.7
15.6
1.6
0.1

Year
Plant
and
Vegetables
map of land
use forWinter
the study
area
is Pasture
prepared Forest
as a shape
file (FigureUrban
3). TheArea
area(Village)
consists of four
22.0forests of0.5
0.2 cover the main
types of1976–1979
land use/cover. Winter77.3
plants (pasture) and
different types of trees
2007
82.7
15.6
part
of the
study
area, while between
the
remaining
area is planted
withcover
vegetables
the reservoir
Due to
the
small
difference
thesmall
percentage
of1.6land
for0.1near
the two
available years,
boundary and/or in urban areas (villages).
a map of landDue
usetofor
study
areabetween
is prepared
as a shape
file
(Figure
areayears,
consists
of four
thethe
small
difference
the percentage
of land
cover
for the3).
twoThe
available
a
types of land
Winter
plants
forests
different
types
treesofcover
mapuse/cover.
of land use for
the study
area (pasture)
is preparedand
as a shape
fileof(Figure
3). The
area of
consists
four the main
of land
use/cover.
Winter
plants (pasture)
forests
of different
typesvegetables
of trees covernear
the main
part of thetypes
study
area,
while the
remaining
smalland
area
is planted
with
the reservoir
part of the study area, while the remaining small area is planted with vegetables near the reservoir
boundary and/or in urban areas (villages).
boundary and/or in urban areas (villages).

Figure 3. Land use and land cover classification of the Dokan Reservoir watershed.

Figure 3. Land use and land cover classification of the Dokan Reservoir watershed.

Figure 3. Land use and land cover classification of the Dokan Reservoir watershed.

Water 2018, 10, 858

6 of 16

3. Applied Model
The soil and water assessment tool (SWAT) is a physically based continuous simulation model for
short or long times that can be applied to large river basins and complex watersheds. It was developed
by the US Department of Agriculture, Agricultural Research Service [6]. The model is an efficient
tool to estimate the flow and sediment load in addition to different chemical and nutrient materials.
The model divides the watershed into sub basins based on their DEM date and hydrological response
units (HRU); each unit has the same soil type, land use and land slope.
The hydrological simulation is based on the topographical terrain, soil type, land use and
hydrological data of daily precipitation, maximum and minimum temperature, wind speed,
relative humidity and solar radiation. The flow can be estimated based on a water balance equation;
this equation is simulated in the SWAT model by different modular: the land phase and routing
phase [14]. For the land phase, the soil water balance calculation is based on the following form [29]:
t

SWt = SW0 + ∑ ( Rday − Qsur − Ea − wseep − Qqw )

(1)

i =1

where,
SWt : Water content of the soil (mm);
SW0 : Initial water content (mm);
Rday : Depth of precipitation (mm);
Qsur : Equivalent depth of surface runoff (mm);
Ea : Evapotranspiration depth (mm);
wseep : Depth of water seepage out of considered surface profile (mm);
Qqw : Equivalent depth of return flow (mm).
The Penman–Monteith method is considered for potential evapotranspiration estimation.
The required input data to estimate the potential evapotranspiration (PET) using the Penman–Monteith
method are daily solar radiation, air temperature, relative humidity and wind speed. The formula of
this method considers three effective factors for evapotranspiration, which are the required energy to
sustain evaporation, the required strength to remove the water vapor and the aerodynamic in addition
to resistance of the surface. The Penman–Monteith method is in the following form [29]:
λE =

∆( Hnet − G ) + ρ air ·c p ·[ezo − ez ]/r a


∆ + γ· 1 + rrac

where,
λE: Latent heat flux density (MJ/m2 /day);
E: Evaporation rate (mm/day);
∆: Saturation vapor pressure-temperature slope (de/dt) (kPa/Co);
Hnet : Net radiation (MJ/m2 /day);
G: Density of heat flux to the ground (MJ/m2 /day);
ρ air : Density of the air (kg/m3 );
c p : Specific heat at constant pressure (MJ/kg/day);
ezo : Saturated vapor pressure of air at height z, (kPa);
ez : Water vapor pressure of air at height z (kPa);
λ: Psychrometric constant (kPa/Co);
rc : Resistance of plant canopy (s/m);
r a : Diffusion resistance of the air layer (s/m).

(2)
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Also, the different parameters of land management are recognized based on soil type, land use
and land cover. The soil water content and soil infiltration can be estimated by two methods based
on the available data, either by the Green–Ampt infiltration equation or curve number methods.
The Green–Ampt equation requires rainfall data of a sub daily interval, which is not available in Iraqi
weather stations, so the curve number method is utilized throughout this work using the following
form [29]:

2
Rday − 0.2S

Qsur f = 
(3)
Rday + 0.8S
where,
Qsur f : Equivalent depth of surface runoff (mm);
Rday : Rainfall depth of the considered day (mm);
S: Retention parameter (mm).
The value of S can be estimated by the following equation [29]:

S = 25.4

1000
− 10
CN


(4)

where, CN is the curve number of that considered day.
The second process includes the estimation of soil erosion from the overland due to rainfall
detachment and surface runoff in addition to channel erosion and deposition. The sediments, routing in
both the overland and channel flow, are estimated based on rainfall data, soil properties, land use/land
cover and topography. The maps of soil type and land use are required with the digital elevation model
(DEM) data to identify the topography of the watershed and to classify it into overland and channel
sediment flow. The modified universal soil loss equation (MUSLE) is considered in the following
form [29]:

0.56
sed = 11.8 × Qsur f ·q peak · arehru
KUSLE ·CUSLE · PUSLE · LSUSLE ·CFRG
(5)
where,
sed: Yield of sediment for the considered storm or day (ton.);
Qsur f : Volume of surface runoff (mm/ha);
q peak : Greatest surface runoff rate (m3 /s);
arehru : Hydrologic response unit area (ha);
KUSLE : Soil erodibility factor of Universal Soil Loss Equation (USLE);
CUSLE : Cover and management factor of USLE;
PUSLE : Soli practice factor of USLE;
LSUSLE : Topographic factor of USLE;
CFRG: Factor of coarse fragment.
4. Model Calibration and Validation
4.1. Runoff and Sediment Load Calibration
Although the mathematical and conceptual models are considered widely in hydrological studies
to simulate different events, such as runoff flow, sediment and both suspended and dissolved
material transport, they still require calibration with measured values to ensure the accuracy of
the model outputs.
Two types of dataset are prepared to be applied to SWAT model. The metrological (climate) data
include daily precipitation, maximum and minimum temperature, wind speed, relative humidity
and solar radiation; hydrometric data are also present. The second dataset is the topography data,
which includes the DEM map.
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In view of the limited available measurements of flow and unavailable sediment records of the
Dokan Dam watershed, the available data of the Derbendekhan Dam watershed (the adjacent watershed
to Dokan, Figure 1), were considered for both flow and sediment model calibration. Due to the similarity
in the geological formation, soil type, land use, topographical and watershed characteristics (Table 1),
Water 2018, 10, x FOR PEER REVIEW
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The statistical
criterion
criterion
of the
coefficient
is usedthe
as an
objective
function criterion.
Besides
this, theof the
Nash–Sutcliffe
modelisisused
employed
to evaluate
the model
performance.
monthly
runoff flow, the
determination
coefficient
as an objective
function
criterion.
BesidesFor
this,
the Nash–Sutcliffe
model is
highest
values
are performance.
0.75 and 0.64 For
for monthly
the coefficient
determination
Nash–Sutcliffe
employed
to obtained
evaluate the
model
runoffofflow,
the highestand
obtained
values are 0.75
model,
The
uncertainty
measured using
tworespectively.
factors: the P‐factor
reflects
the
and 0.64
for respectively.
the coefficient
of model
determination
andwas
Nash–Sutcliffe
model,
The model
uncertainty
percentage of measured data bracketed by 95% prediction uncertainty (95PPU). This means that one
was measured using two factors: the P-factor reflects the percentage of measured data bracketed by 95%
minus the P‐factor represents the presence of poorly simulated values. The R‐factor is another
prediction uncertainty (95PPU). This means that one minus the P-factor represents the presence of poorly
measurement of model uncertainly equal to the average thickness of the 95PPU band divided by the
simulated
values.
The R-factor
is another
of model uncertainly
equal toisthe
average
standard
deviation
of measured
data. measurement
For the runoff calibration
period, the P‐factor
0.78
and thethickness
R‐
of thefactor
95PPU
band
divided
by
the
standard
deviation
of
measured
data.
For
the
runoff
calibration
period,
is 1.27. Figure 4 shows the observed and simulated runoff at the Derbendekhan watershed
the P-factor
is 0.78
and the R-factor
is 1.27.forFigure
4 shows
the observed and simulated runoff at the
outlet and
the uncertainty
band (95PPU)
the period
(1961–1968).
Derbendekhan watershed outlet and the uncertainty band (95PPU) for the period (1961–1968).

Figure
4. Monthly
observed
atthe
theDerbendekhan
Derbendekhan
outlet
95PPU
for the
Figure
4. Monthly
observedand
andsimulated
simulated runoff
runoff at
outlet
andand
95PPU
for the
period
1961–1968.
period
1961–1968.
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The most effective parameters are selected for the runoff and sediment model calibration as
proposed
by [28]
in addition
to otherare
parameters.
Thethe
resultant
values
(optimal
values) as
of
The most
effective
parameters
selected for
runoffbest-fitted
and sediment
model
calibration
the
parameters
and
the considered
range
are shown
Table 3. best‐fitted
Parameters
listed(optimal
in Table values)
3 are also
proposed
by [28]
in addition
to other
parameters.
Theinresultant
values
of
mentioned
in other
literature
[14,33].
the parameters
and previous
the considered
range
are shown in Table 3. Parameters listed in Table 3 are also
mentioned in other previous literature [14,33].
Table 3. The range, optimal (fitted) values and sensitivity analysis of considered parameters.

Table 3. The range, optimal (fitted) values and sensitivity analysis of considered parameters.
Parameter

Description

Min_Value Max_Value Fitted_Value

Threshold depth in shallow
aquifer (mm).
0
Description
Channel erodibility factor.
0.05
USLE, equation
(k) factor.
−0.8
Threshold
depthsoil
in erodibility
shallow aquifer
(mm).
Sedimenterodibility
conc. In lateral
and ground flow.
0
Channel
factor.
Linear par. for calculating max. amount of
R_USLE_K(..).sol
USLE, equation soil erodibility (k) factor.
R_SPCON.bsn
sediment that can be re-entrained during
0.0001
R_LAT_SED.hru
Sediment
conc. Inrouting.
lateral and ground flow.
channel sediment
Linear
par. for
max.
amount
of sediment that
Exponential
Par.calculating
for calculating
max.
amount
R_SPCON.bsn
V_SPEXP.bsn
of sediment
that can be
re-entrained
during
1
can
be re‐entrained
during
channel
sediment routing.
channel sediment routing.
Exponential
Par. for calculating max. amount of
V_GW_REVAP.gw
Groundwater “revap” coefficient.
0.02
V_SPEXP.bsn
sediment
be re‐entrained
during channel 0
V_ALPHA_BF.gw
Base flow that
alphacan
factor
(days).
sediment
routing.
V__CH_COV2.rte
Channel cover
factor.
0.001
V_GW_DELAY.gw
Groundwater delay
(days).
0.02
V_GW_REVAP.gw
Groundwater
“revap”
coefficient.
R_SOL_BD(..).sol
Moist
bulkalpha
density.
−0.5
V_ALPHA_BF.gw
Base
flow
factor (days).
Min value of USLE-C factor for land
R_USLE_C(..)plant.dat
−0.5
cover/plant.
V__CH_COV2.rte
Channel
cover factor.
R_CH_N2.rte
Manning’s “n” value for the main channel.
−0.5
R_USLE_P.mgt
USLE, supportdelay
practice
parameter.
0
V_GW_DELAY.gw
Groundwater
(days).
R_SOL_K(..).sol
Saturated
hydraulic
conductivity.
−
0.5
R_SOL_BD(..).sol
Moist bulk density.
R_CN2.mgt
SCS runoff curve number.
−0.2
R_SOL_AWC(..).sol
Available
contentfactor
of the for
soil land
layer.cover/plant.−0.5
R_USLE_C(..)plant.dat
Min
valuewater
of USLE‐C
V_GWQMN.gw
Parameter
V_CH_COV1.rte
R_USLE_K(..).sol
V_GWQMN.gw
R_LAT_SED.hru
V_CH_COV1.rte

R_CH_N2.rte
R_USLE_P.mgt
R_SOL_K(..).sol
R_CN2.mgt
R_SOL_AWC(..).sol

Note: R: Relative, V: Replace. (..) for different soil or plant type.

Manning’s “n” value for the main channel.
USLE, support practice parameter.
Saturated hydraulic conductivity.
SCS runoff curve number.
Available water content of the soil layer.

Min_
2
Value
0.6
0.8
0
5000
0.05
−0.8
0.01
0
0.000
21
0.2
11
1
0.2
0.02
10
0.5

0.001
0.5
1
0.02
0.5
−0.5
0.2
1
−0.5

−0.5
0
−0.5
−0.2
−0.5

Note: R: Relative, V: Replace. (…) for different soil or plant type.

Max_ Fitted_
1.698
Value
0.38715Value
2−0.11681.698
0.6 2525 0.38715
0.8
−0.1168
0.008743
5000
2525
0.00874
0.011.549
3
0.07166

2 0.555 1.549
0.281719

0.20.071660.07166
1−0.37550.555
0.151000
0.28171
1
−0.279 9
0.2 0.9410.07166
1 0.177−0.3755
0.198
0.15100
0.50.5005
0
0.5
−0.279
1
0.941
0.5
0.177
0.2
0.198
1
0.5005
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4.2. Runoff
Validation
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recorded
data of the monthly flow rate at the outlet of the Dokan watershed and the
absence ofAany
sediment
load measurements
toDam
utilizing
the regionalization
technique
transfer
SWAT
model project
is set‐up for theleads
Dokan
watershed,
the main part of
the studyto
area.
the effective
parameters
thethe
adjacent
(Derbendekhan)
watershed.
Due to its
similarity
The limited
recorded from
data of
monthlygauged
flow rate
at the outlet of the
Dokan watershed
and
the
absence of
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load land
measurements
leads to
utilizing the regionalization
technique
to
in geological
formation,
soil type,
use, watershed
characteristics
and weather data,
the effective
transfer
the
effective
parameters
from
the
adjacent
gauged
(Derbendekhan)
watershed.
Due
to
its
hydrological parameters obtained from the Derbendekhan (gauged) watershed can be transformed to
similarity
in geological
formation,The
soil process
type, land
watershed
characteristics and
weather
data, the
the Dokan
(ungauged)
watershed.
ofuse,
parameter
transformation
is called
regionalization.
effective
hydrological
parameters
obtained
from
the
Derbendekhan
(gauged)
watershed
can be
There are a number of presented methods for the regionalization of the watershed hydrological
transformed to the Dokan (ungauged) watershed. The process of parameter transformation is called
parameters: Kokkonen [34] applies the regression approach, while Parajka et al. [35] employs kringing
regionalization [14]. There are a number of presented methods for the regionalization of the
and a similarity approach and Heuvelmans et al. [36] investigates the application of artificial neural
watershed hydrological parameters: Kokkonen [34] applies the regression approach, while Parajka
nets and
methods.
Sinceand
thea Derbendekhan
watershed
is adjacent
theinvestigates
Dokan watershed
et al.other
[35] employs
kringing
similarity approach
and Heuvelmans
et al.to[36]
the
(Figure
1),
and
the
physical,
topographical
properties
and
rainfall
are
similar
(Table
along with
application of artificial neural nets and other methods. Since the Derbendekhan watershed is1)adjacent
the geological
formation,
use/land
cover,
and soil
type, bothproperties
watersheds
similar
flow and
to the Dokan
watershedland
(Figure
1), and the
physical,
topographical
andhave
rainfall
are similar
(Table
1) along with
formation,
land use/land
and soil type,
both
watersheds
sediment
parameters.
In the
thisgeological
case, the effective
parameters
can cover,
be transformed
from
a donor
watershed
similarwatershed.
flow and sediment
parameters.
thisDerbendekhan
case, the effective
parameterscalibrated
can be transformed
to an have
ungauged
The fitted
values ofInthe
parameters
by the SUFI-2
fromare
a donor
watershed
an ungauged
watershed.
The fitted
the Derbendekhan
program
transferred
to thetoDokan
watershed
SWAT project.
The values
SUFI-2 of
program
is implemented
parameters
calibrated
by
the
SUFI‐2
program
are
transferred
to
the
Dokan
watershed
SWAT
project.
for the calibration, uncertainly analysis and regionalization of the considered parameters of
the SWAT
The SUFI‐2 program is implemented for the calibration, uncertainly analysis and regionalization of
model for the Debendekhan watershed for runoff and sediment load of concentration. Here, the SUFI-2
the considered parameters of the SWAT model for the Debendekhan watershed for runoff and
algorithm
is used for the calibration, validation and measurement of the uncertainty for input data,
sediment load of concentration. Here, the SUFI‐2 algorithm is used for the calibration, validation and
model
and
sensitive
The
uncertainty
measured
by two values:
P-factor
measurement
of parameters.
the uncertainty
fordegree
input of
data,
model andis sensitive
parameters.
The degree
of and
R-factor.
The
percent
of
measured
values
bracketed
by
95%
prediction
uncertainly
represent
(95PPU),
uncertainty is measured by two values: P‐factor and R‐factor. The percent of measured values
whichbracketed
is the P-factor
the ratio
of 95PPU
thickness
divided
deviation
measured
by 95%while
prediction
uncertainly
represent
(95PPU),
whichbyis standard
the P‐factor
while theofratio
of
95PPU
thickness
standard
measured
equal
to the R‐factor.
When
values
is equal
to the divided
R-factor.byWhen
the deviation
simulatedofvalues
are values
exactlyisthe
measured
ones, the
value of
the simulated
values
exactly
the measured
ones,
the[37].
value of P‐factor equals 1 and the value of R‐
P-factor
equals 1 and
theare
value
of R-factor
equals
zero
factor
equals
zero
[37].
Based on the transformed parameters, the simulated runoff flows are compared with measured
on the transformed parameters, the simulated runoff flows are compared with measured
values at Based
the Dokan
watershed outlet after the separation of the base flow for the period 1961–1964
values at the Dokan watershed outlet after the separation of the base flow for the period 1961–1964
(Figure 6) to evaluate the effectiveness of the transformation of the hydrological parameters. For the
(Figure 6) to evaluate the effectiveness of the transformation of the hydrological parameters. For the
validation
period of runoff, the obtained values of the determination coefficient and Nash–Sutcliffe
validation period of runoff, the obtained values of the determination coefficient and Nash–Sutcliffe
model
efficiency
are 0.68
indicating
that the
transformation
process
is successful.
model efficiency
are and
0.680.64,
and respectively,
0.64, respectively,
indicating
that
the transformation
process
is
The P-factor
and
R-factor
the
modelfor
uncertainty
indicate
a reasonable
model performance:
successful.
The
P‐factorfor
and
R‐factor
the model also
uncertainty
also
indicate a reasonable
model
the P-factor
is 0.71the
and
R-factor
is 0.97.
performance:
P‐factor
is 0.71
and R‐factor is 0.97.

Figure
Monthly observed
andand
simulated
runoff runoff
at the Dokan
outlet
and 95PPU
the period
1962–
Figure
6. 6.Monthly
observed
simulated
at the
Dokan
outletforand
95PPU
for the
1965.
period 1962–1965.
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5. Results and Discussion
After Durbendekhan SWAT project calibration for runoff and sediment data, the best-fitted values
of the hydrological watershed parameters are transformed by the regionalization technique to the
Dokan SWAT project, the main project of the study. The sensitivity analysis is also studied for the
most effective parameters on both the runoff and sediment load. The sensitivities are accomplished to
identify the effective parameters on runoff and sediment load values for the watershed. The parameter
sensitivity is estimated in the SUFI-2 model based on the multiple regression system presented by
Abbaspour [38] to evaluate the effect of the considered parameter value (bi ) on the objective function
(g); its sensitivity is in the following form:
m

g = α + ∑ β i bi

(6)

i =1

This formula calculates the average changes in the objective function due to the change in a given
parameter while other parameters are changing. The comparative significance and sensitivity of each
parameter are estimated based on the statistical criteria of the t-stat and p-value. The t-stat value is
obtained from the coefficient of a parameter in the multiple regression analysis divided by its standard
error. If the coefficient value is large in comparison to the standard errors, this mean that the parameter
is sensitive. The p-value can be obtained by comparing the t-stat value with the student’s distribution
table [37]. The p-value of each term test is the null hypothesis, in which the coefficient is not affected.
If the p-value is less than 0.05, it indicates that the null hypothesis can be rejected. The t-stat and
p-values of different effective parameters are shown in Table 4. The parameters are arranged from low
to high sensitivity, i.e., from low t-stat value or high p-value. The result of the test indicates that the
soil water content, soil curve number at normal conditions (CN2) and the soil saturated hydraulic
conductivity are the most effective parameters while threshold depth in a shallow aquifer, the channel
erodibility factor and soil erodibility (k) factor in USLE have the lowest effect on runoff and sediment
load simulation.
Table 4. Effective parameters arranged from low to high sensitivity based on t-stat and p-value.
Parameter
GWQMN.gw
CH_COV1.rte
USLE_K(..).sol
LAT_SED.hru
SPCON.bsn
SPEXP.bsn
GW_REVAP.gw
ALPHA_BF.gw
CH_COV2.rte
GW_DELAY.gw
SOL_BD(..).sol
USLE_C(..)plant.dat
CH_N2.rte
USLE_P.mgt
SOL_K(..).sol
CN2.mgt
SOL_AWC(..).sol

Absolute t-Stat

p-Value

0.61
0.62
0.77
0.78
0.92
0.97
0.98
1.20
1.25
1.25
1.34
1.96
2.08
3.69
9.34
11.57
16.05

0.54
0.54
0.44
0.43
0.36
0.33
0.33
0.23
0.21
0.21
0.18
0.05
0.04
0.03
0.02
0.01
0.00

Note: (..) for different soil or plant type.

The model is applied for the study period to estimate the runoff and sediment load reaching
the Dokan Reservoir. The considered years of simulation have begun since the operation of the dam
in 1959 to the year of the bathometry survey (2014) carried out by [39]. The resultant annual runoff
volume that enters the Dukan Reservoir from the HRUs ranges from 300 to 4600 MCM (Figure 7),
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2
Run Ann = 0.075 × R1.21
Ann − 1.92 R = 0.90 ( f or R Ann > 16 mm)

0.075

.

1.92 R

0.90

16

(7)

(7)

where
where
: Annual
runoff
depthmm);
mm);
Run Ann : Annual
runoff
depth
:
Annual
rainfall
depth
(mm).
R Ann : Annual rainfall depth (mm).
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The average annual sediment load concentration is 650 mg/ℓ. This concentration can be considered
The average
annual sediment load concentration is 650 mg/`. This concentration can be considered
relatively low in comparison with other locations or measurements in the region as proposed by
relatively low in comparison with other locations or measurements in the region as proposed by [40,41]
[40,41] as well as the worldwide rate [42]. This is due to the nature of the rocks of the area and the
as well
as the worldwide rate [42]. This is due to the nature of the rocks of the area and the effect
effect of plant cover, such as winter pasture and plants and some forest trees throughout the region
of plant
cover,
such
winter pasture
plantstransported
and somewith
forest
treesflow.
throughout
the region
which
which
reduce
theasdetachment
of soiland
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runoff
The estimated
annual
6 ton
reduce
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particles
with
flow.
The estimated
sediment
load delivered
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Dokantransported
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the runoff
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load delivered
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for studiedtoperiod,
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7. The average
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The sediment
trap efficiency
the reservoir
estimated
based on the method presented by
period, Figure
7. The average
annualofvalue
is 1.63 ×is10
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and
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This
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the results obtained from the simulation model, the estimated sediment load volume
efficiencyBased
of theon
Dokan
reservoir changes through the study period from 1 to 0.985.
deposited in the reservoir for the considered period is about 10% of the dead storage capacity. This
Based on the results obtained from the simulation model, the estimated sediment load volume
value is for the watershed only, which is considered a reasonable value and does not affect the
deposited in the reservoir for the considered period is about 10% of the dead storage capacity.
This value is for the watershed only, which is considered a reasonable value and does not affect

Water 2018, 10, 858

13 of 16

Water 2018, 10, x FOR PEER REVIEW

13 of 16

designedproject
projectlife.
life. However,
However, the
bebe
also
considered
to evaluate
the total
the designed
theLesser
LesserZab
Zabload
loadshould
should
also
considered
to evaluate
the total
amount
of
sediment
load
delivered
and
deposited
within
the
reservoir.
The
total
amount
of
sediment
amount of sediment load delivered and deposited within the reservoir. The total amount of sediment
deposited in the Dokan reservoir for the period (1959–2014) is 209 MCM [38]. This means that the
deposited in the Dokan reservoir for the period (1959–2014) is 209 MCM [38]. This means that the
sediment load delivered into the reservoir from the watershed based on simulated results is about
sediment load delivered into the reservoir from the watershed based on simulated results is about
34% of the total sediments deposited within the reservoir, which mean that the watershed sediment
34% of
the total sediments
deposited
contribution
is an effective
value. within the reservoir, which mean that the watershed sediment
contribution
an the
effective
Dueis to
huge value.
amount of data required, including topographical, metrological and
Due
to
the
huge
amount
ofmaps
data required,
metrological
hydrological
hydrological data, different
of soil, andincluding
land use topographical,
to estimate the sediment
load and
based
on the
data, applied
different
mapsa of
soil, regression
and land use
to estimate
the
load based
on the
appliedthe
model,
model,
simple
formula
is used. It
is sediment
based on simulated
values
to correlate
sediment
load per
unit area
of the Dokan
watershed
with annual
runoff
depth in the
a simple
regression
formula
is used.
It is based
on simulated
values
to correlate
thefollowing
sedimentform:
load per
.
unit area of the Dokan watershed
with annual
runoff
(8)
0.056.
7.33
R depth
0.97 in the following
60 form:
where

where

2
Sed Ann = 0.056· R1.195
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(8)
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Figure 8. (a) Spatial distribution of average annual sediment load for the Dokan watershed sub basins;

Figure 8. (a) Spatial distribution of average annual sediment load for the Dokan watershed sub basins;
(b) average slope of sub basins.
(b) average slope of sub basins.

This map is a tool that can enable decision-makers to apply a suitable method to reduce the
erosion load, especially from high erosion rate areas. Depending on the selected area, the treatment

Water 2018, 10, 858

14 of 16

may include practicing strip planting, terracing, or contour forming to reduce the effect of slope on
surface runoff flow velocity, erosion and sediment transport capacity.
6. Conclusions
The soil and water assessment tool (SWAT) model is applied to assess the runoff and sediment
delivered from the Dokan Dam watershed. Due to the limited recorded flow data and the absence of
sediment measurements data at a station near the inlet of Dokan Reservoir, the model is calibrated
for both runoff and sediment load for the Derbendekhan watershed adjacent to the Dokan watershed.
The regionalization technique is employed to transfer the calibrated parameters of the SWAT project
from a gauged (Derbendekhan) to an ungauged (Dokan) watershed. The resultant monthly runoff
flow for the Dokan SWAT project is based on transformed parameters which were compared with
measured values to evaluate the regionalization technique and model performance. The determination
coefficient (R2 ) and Nash–Sutcliffe model efficiency (Eff.) are 0.68 and 0.64, respectively, indicating a
reasonable model performance with this technique. The average watershed contribution for annual
runoff represents 35% of the dam life storage; this percentage is considered effective in the dam
operation schedule. The total sediment load delivered to the Dokan reservoir from the watershed for
the studied period is about 72 MCM. This load forms about 10% of the dead storage capacity of the
reservoir. Generally, the total sediment load delivered and deposited in the reservoir for the period
of dam operation is considered acceptable within the allowed limits. The map of special distribution
of annual sediment load yield per unit area of each sub basins is presented; the average slopes map
reflects a good agreement with the map of annual sediment load yield in comparison to other effective
factors to be considered. This indicates that the land slope is the most effective factor on erosion and
sediment transport. This can be used for soil conservation treatment to reduce the erosion rate.
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