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Abstract
Mosul Dam, located on the Tigris River north of Iraq, is experiencing sedimentation problems, especially near the

Al-Jazeera pumping station that supplies the irrigation water for the Al-Jazeera project. The sources of the sediment accu-

mulated within the reservoir are from the Tigris River, as well as ten side valleys on both sides of the reservoir. The sedi-

ment inflow rate into the reservoir and the released values are considered on the basis of the operation schedule of the

dam for the considered period from 1986 to 2011. The sediment loads were estimated on the basis of available measure-

ments and estimated literature values. The HEC-RAS 4.1 model was used for flows and sediments in the main river and

reservoir. The model was calibrated for flow simulations (coefficient of determination r2 = 0.87) and sediment routing

based on bed level, (with resultant r2 = 0.98 and Mean Absolute Deviation of 0.95). The Ackers–White equation was

used in the HEC-RAS model for sediment routing because of the wide range of sediment sizes in the study case. The

resultant total accumulated sediment load volume was 1.13 km3, a value that is very close to the measured values

(1.143 km3) obtained from a previous bathymetric survey. Furthermore, the model indicated most of the sediment

(80.7%) was deposited during the first five of the dam operation.
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INTRODUCTION
The Tigris River is the largest river in western Asia, with its

headwaters originating in the mountains in south Turkey.

After flowing for about 1630 km in Turkey, it crosses the

Turkey–Iraqi border, flowing in the Mesopotamian Plain

in Iraq (Biedler 2004). The Tigris River watershed covers

473 103 km2 in Turkey, Syria and Iraq, of which 58% is in

Iraq (Al-Ansari et al. 1979, 1986, 1987; Ali et al. 2012).

The average Tigris River discharge in Turkey is about

20–23 km3 yr�1, with the tributaries in Iraq discharging

about 25–29 km3 yr�1 (Al-Ansari & Knutsson 2011;

Al-Ansari 2013).

All rivers typically contain a sediment load that is

dependent upon the nature and properties of their river

basins, including soil type, plant cover, land use and

topography. Stream flow energy is also an important fac-

tor affecting sediment load concentrations in rivers. In

the winter season, the sediment load in rivers increases

because of an increasing flow rate and flow energy. Rain-

fall also enhances sediment transport via watershed run-

off, especially at the beginning of the rainy season. The

stream flow detaches more river bed particles through

floods as a result of the high flow velocity, which

increases both the capacity and competence of a stream.

When a stream enters a reservoir, the flow velocity and

energy decrease, causing the sediment to be deposited

within the reservoir. The coarse sediment is typically

deposited at the mouth of a reservoir, while the fine parti-

cles are deposited within the water flow direction in the

reservoir. The average yearly sediment load of the Tigris

River in Turkey for the years 1960–1990 was

609 t km�2 yr�1 (Ozturk 1996), while the average sedi-

ment discharge of the river at Baghdad was

34.3 t km�2 yr�1 for the period 1969–1975 (Al-Ansari

et al. 1979). This difference in sediment concentrations is

attributable to the construction of the Samarra Barrage

upstream of the city of Baghdad in 1956 to control the

flood flow to Baghdad and all downstream cities. One of

the main problems with this barrage is the accumulation
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of deposited sediment, resulting in a reduced sediment

concentration in the river between the Turkey and Iraq

(Baghdad) measuring sites.

Mosul Dam is the first dam on the Tigris River, north-

west of Mosul City in Iraq. As noted above, a major prob-

lem associated with dams is sediment deposition, which

increases flood risks because of a decreased water stor-

age capacity, with attendant effects on the flood water

storage capacity. The reduced storage capacity affects

the safe yield of the reservoir to meet different water

demands. The accumulation of sediment near the intake

of the power house and bottom outlet also affects the

operation of the dam. To this end, one of the problems

for Mosul Dam is the deposition of the sediment near

the pumping station of the Al-Jazeera irrigation project.

This project consists of three parts (north, south and

east). The north part is the only part currently operating,

while the other two parts are not yet completed. Irriga-

tion water is supplied from the right side of the reservoir

by a pumping station, whose efficiency is reduced

because of sediment accumulation on the intakes.

Various models had been suggested to study reservoir

siltation. Campos (2001), for example, presented a three-

dimensional model for flow and sediment concentration

in reservoirs. He used two bed load functions, each one

for bed direction. The laboratory test data and actual field

data for Itaipu Reservoir in Brazil were considered for

model verification. The result of laboratory tests indicated

a good agreement between flow and sediment routing

simulations and predictions of sediment deposition

through the reservoir.

EL-Sersawy (2007) developed a decision support sys-

tem (DSS) based on GIS to study the effects of sediment

transportation and deposition on reservoirs prior to their

development. This system helps to determine the areas

in the reservoir that would be affected by sediment depo-

sition, including provision of flow and sedimentation

maps within the reservoir. Cook (2008) compared the

effects of different topographic map data, geometric prop-

erties (including spacing between sections) and mesh

resolution. He also compared the performance of the

one-dimensional HEC-RAS with the two-dimensional

FESWMS, including flood inundation mapping for

Strouds Creek and the Brazos Rivers in North Carolina

and Texas, respectively. The results for both models indi-

cated the flood extent increased as the resolution of the

digital elevation model (DEM) decreased. Mamede

(2008) developed a reservoir sedimentation numerical

model for reservoirs, coupling it with the simulation rain-

fall–run-off model (WASA-SED) for watersheds. The

detailed model was applied for Barasona Reservoir in

Aragon, Spain, and Barasona Reservoir to check the sedi-

ment trap and release efficiency, including cost analysis

for choosing the more efficient method for sediment con-

trol. The overall results also considered uncertainly attri-

butable to model structure and sparse data availability.

Gibson et al. (2010) developed a one-dimensional sedi-

ment transport model for Cowlitz River, which was

applied to the lower twenty miles of the river to evaluate

the effects of sediment impacts on flood risks. The HEC-

RAS 4.2 model was applied for modelling sediment

dynamics. Based on 5 years of bed change measure-

ments, the model was calibrated by varying the consid-

ered sediment transport function. New features for HEC-

RAS model analysis also were added. Pak et al. (2010)

evaluated a compatible reservoir sedimentation model

with HEC-HMS, which was applied to two reservoirs to

compare the model outputs with measured data. The

results indicated a reasonable prediction of both daily

flow rates and sediment loads. The model application

required a model calibration for the area of application.

Ahn (2011) developed a new model for simulating reser-

voir sedimentation and flushing. The developed model

(GSTARS4) was applied to the Xiaolangdi Reservoir,

located on the Yellow River. Unsteady flow and quasi-flow

of 3.5 years of simulation were considered to compare

the measured channel section, bed material size, sedi-

ment accumulation and flushing to simulated values. The

results of unsteady flow simulation were closer to the

measured values. EL-Sammany and El-Moustafa (2011)

focused on identifying the flow path of the Nile River and

Aswan Reservoir, utilizing the RAM2 model, which is

working under the surface water modelling system

(SMS). The RAM2 model output was considered as input

for another two-dimensional model sediment transport

(SED2D) to identify the sediment distribution and deposi-

tion in the reservoir, and possible problems that might

be encountered. Haghiabi and Zaredehdash (2012) evalu-

ated the results of the HEC-RAS model for simulating the

Karun River bed form by comparing the results with

other models previously presented in the literature. The

results indicated the capability of the HEC-RAS model for

output data and the bed section details, in comparison

with other one-dimensional models. They noted the one-

dimensional models were not able to forecast a detailed

river cross-section. Issa et al. (2013a) estimated the use-

ful life of Mosul Dam, based on a bathymetric survey

analytical approach. Their survey results indicated that a

0.786% and 0.276% yearly reduction occurred for both live

and dead storage, respectively, for the period from 1986

(beginning of dam operation) to 2011 (time of reservoir

bed survey). They also presented stage storage capacity
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curves for future periods. Singley (2013) discusses the

significant impacts of Aguacate Dam in the Dominican

Republic on the basis of analysis of a number of prob-

lems associated with its dam. One of the presented prob-

lems was analysis of sediment transport based on the

HEC-RAS model. The considered model provided impor-

tant sediment information for consideration in future dam

design. Amini et al. (2014) simulated the sediment trans-

port and flushing for a Peruvian Reservoir to estimate the

sediment distribution, in order to facilitate reservoir sedi-

mentation management. A one-dimensional model (HEC-

RAS) was applied in this case to recognize the bed and

suspended load distribution for a long time period of

5 years. A two-dimensional model was then applied for a

short flushing simulation period. A two-dimensional

model with vertical dimensions was also considered for

sediment concentration in the reservoir and the power

plant intake.

The present study focused on sediment deposition

within Mosul Dam reservoir for the period from 1986 to

2011, using the HEC-RAS 4.1 model. This model was devel-

oped by the US Army Corps of Engineers at its Hydrologic

Engineering Center. The year 1986 designated the start of

dam operation, while the year 2011 represented the first

actual bathymetric survey conducted on the reservoir by

Issa et al. (2013b). Sediment depositional simulation was

considered on monthly intervals for the study period, while

the pattern was considered for 5-year intervals.

Mosul Dam reservoir
Mosul Dam is one of biggest dams on the Tigris River in

northern Iraq, being located about 60 km north-west of

Mosul City (Fig. 1). It is a multipurpose dam for flood

control, irrigation, power generation and water supply.

The total water storage capacity of the Mosul Dam reser-

voir is 11.11 km3 at a maximum operation level of

330 m.a.s.l, of which 8.16 and 2.95 km3 are live and dead

storages, respectively (Iraqi Ministry of Water Resources

2012). The main body of the dam contains four turbines

for power generation, each having a maximum flow rate

of 280 m3 s�1, with the intake gate dimension of each

turbine being 7 9 10.5 m. There are two intakes for bot-

tom outlets to the left of the power house, with a total

capacity of 2440 m3 s�1. The dimensions of each intake

are 12 9 12 m. There is a spillway structure on the left

side of the dam, consisting of five gates (13.5 9 13.5 m),

with the maximum spillway capacity at the maximum

operation level being 13 000 m3 s�1. Figure 2 shows the

dam structure which was used in the HEC-RAS model,

including the powerhouse, bottom outlets and spillway

location. Sediment deposition is one of the major prob-

lems of reservoirs, with Mosul Dam also being impacted

by sediment accumulation, particularly in the upper part

of the reservoir near the Al-Jazeera irrigation project

pumping station. The main sediment source to the reser-

voir is from Tigris River inflows, and surface run-off from

the seven valleys on the left bank and the three main val-

leys on the right bank of the reservoir (Fig. 3). The

HEC-RAS 4.1 model developed by the U.S Army Corps of

Engineers at its Hydrologic Engineering Center which

was applied to estimate flow properties in the reservoir,

including water surface level and depth, flow velocity

along the reservoir, and sediment transportation, concen-

tration and sediment deposition in the reservoir, for the

long model simulation time (1986–2011). The model is a

one-dimensional ID flow, which is more suitable for simu-

lating sediment erosion, deposition and flushing for a

long flow path (reservoir) than a two-dimensional model

Fig. 1. Location of Mosul Dam.
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(Ahn 2011). A brief description of the flow and sediment

model is summarized below.

Quasi-unsteady flow model
The quasi-unsteady flow is an approximation of a continu-

ous flow hydrograph to a series of steady flow segments.

This assumption of quasi-flow in the HEC-RAS model for

sediment transport and geometrical changes of cross-sec-

tions is suitable, especially for flows in reservoirs. The

steady flow can be considered if there is no effective

change of flow within a short time, such as for reservoir

flow (Ahn 2011).

To estimate flow properties, water level and depth and

average velocity variation within the time interval and

distance along the reservoirs, the model considers the

energy loss equation between two successive sections.

The flow rate within each section is calculated on the

basis of the Manning equation. By estimating the Man-

ning coefficient for each section, the model divides each

cross-section into three segments (left bank, main chan-

nel and right bank). Another method to be considered is

to divide each bank into segments with different values

of Manning coefficients, based on the coordinates of

cross-section points.

Sediment transport model
The Exner equation is considered in the HEC-RAS

model for sediment routing and for solving the continuity

Fig. 2. Dam structure including the powerhouse, bottom outlets and spillway location which was used in the HEC-RAS model.

Fig. 3. Mosul Dam reservoir with

main valleys.
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equation in the following form (U.S Army Corps of Engi-

neers 2010):

1� kpð ÞB @el
@t

¼ @Qs

@x
ð1Þ

where B, width of channel (L); el, elevation of channel

(L); kp, porosity of active layer; t, time (T); x, distance

(L); and Qs, sediment load (M).

The criteria of the above equation are applied for a con-

trol volume, considering the change in sediment load

equal to the difference between inflow and outflow loads.

The deposition or erosion of each flow section is based on

the sediment load concentration and flow transport capac-

ity (if the flow sediment concentration is greater than the

transport capacity, deposition will occur in that section);

otherwise, if the sediment concentration is less than the

transport capacity, the flow will cause erosion in that sec-

tion. The Ackers–White equation was considered to esti-

mate the potential of flow to transport the sediments’ grain

size. To compute the value of the equilibrium concentra-

tion (Ceq the Ackers–White approach presented in 1973

(Ackers and White 1973) was considered in the HEC-RAS

model because of its satisfactory performance. In this

approach, the rate of sediment transport is identified in

terms of some dimensionless parameters, based on dimen-

sionless analysis in the following form:

Fgr ¼ Un
� gd

ys
y
� 1

� �� ��1=2 Vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32logðaDd Þ

q
2
64

3
75
1�n

ð2Þ

where U*, shear velocity (L/T); n, transition exponent

dependent on sediment size; a, coefficient equal to 10 in

rough turbulent equation; d, size of sediment particles

(L); and D, depth of water (L).

Model application
The HEC-RAS model was applied to simulate monthly

flows and sediment routing in Mosul Dam reservoir.

The simulation period extended from 1986 (beginning of

Mosul Dam operation) to 2011. The year 2011 was con-

sidered to be the last year of simulation because of the

availability of a field survey of the reservoir bed pre-

sented by Issa et al. (2013b) for comparison purposes

and model evaluation. The inflow rate to the reservoir

represented the summation of the Tigris River flow and

the surface run-off from the main valleys on the right

and left bank of the reservoir. The average yearly flow

from the Tigris River is shown in Figure 4, ranging

from 262 m3 s�1 in 2008 to 1325 m3 s�1 in 1988. The

Tigris River sediment load at the dam site was esti-

mated on the basis of field measurements (Kurukji

1985). The measured data were presented as the rela-

tionship between flow rate (m3 s�1) and sediment con-

centration (ppm) (Fig. 5). The best coefficient of

determination criteria (r2 = 0.87) was obtained for the

following form:

S ¼ 0:0135Q1:675 ð3Þ

where S, sediment load concentration (ppm) and Q, flow

rate (m3 s�1).

Figure 6 presents the fine sediment load distribution

of Mosul Dam reservoir (Al-Taiee 2005). The average val-

ues of D16, D50 and D90 are 0.0025, 0.009 and 0.06 mm,

respectively. The median grain size of the Tigris River

total sediment load is 12.4 mm (ECB, Engineering Con-

sulting Bureau, 2010). The fraction of fine bed materials

along the reservoir is 50%–70% silt, 10%–30% sand and 20%

clay materials. In addition to the Tigris River, the main

valleys at the right and left banks of the Mosul Dam

Fig. 4. Average yearly inflow to

Mosul Dam reservoir from 1986 to

2011.
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reservoir contribute run-off and sediment loads that

should also be considered. The Soil and Water Assess-

ment Tool (SWAT) was previously applied (Mohammad

et al. 2012, 2013) to estimate the daily run-off and sedi-

ment loads from these valleys. The total yearly run-off

volume of the right bank valleys ranged from 75 to

0.3 million m3 (MCM) for the considered period, and the

average annual run-off was 24.5 MCM. The annual sedi-

ment load ranged from 172 9 103 to 0.01 9 103 ton

(Fig. 7), suggesting the average annual load was

39 9 103 ton for the considered period. For the left bank

valleys, the total annual run-off volume ranged from 263

to 10.5 MCM for the considered period. The average

annual run-off was 94 MCM, while the annual sediment

load ranged from 2128 9 103 to 43 9 103 tons (Fig. 8),

implying the average annual load was 668 9 103 tons for

the considered period.

RESULTS AND DISCUSSION
The present study used the HEC-RAS model for simula-

tion of sediment loads, including identifying the geometry

of the main path of the river and reservoir, using differ-

ent cross-sections along the Mosul Dam reservoir. Fifty-

four cross-sections drawn in the year 1986 (Al-Ansari

et al. 2013; Issa et al. 2013c), prior to dam operation,

were considered to describe the reservoir geometry for a

reach extending 5400 m. The model was calibrated to

simulate the flow in Mosul Dam reservoir by determining

the degree of agreement between the observed and simu-

lated reservoir levels at different times of the simulation

period from 1986 to 2011. The calibration included select-

ing the best values of discharge coefficients for different

outlet structures, powerhouse, bottom outlet and spillway

gates. The optimal values obtained for the discharge coef-

ficient were 0.6, 0.65 and 2.18 for bottom outlets, power

Fig. 5. Flow rate and sediment con-

centration for Tigris River at Tusan

Station.

Fig. 6. Bed material size distribution

at different distances from dam axis

(Al-Taiee 2005).
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house and spillway, respectively. The Manning roughness

coefficients for both the main stream and floodplain also

were considered in calibrating the model performance for

flow simulations. The optimal values obtained for the

Manning equation were 0.6 and 0.65 for the main channel

and floodplain, respectively. The observed and simulated

reservoir levels at different times of the simulation period

are illustrated in Figure 9. The resultant coefficient of

determination between the observed and simulated reser-

voir level was 0.87 indicating a good model performance

for the flow simulations. After model calibration for flow

simulation, the model was adapted to simulate sediment

routing within the reservoir. There are two main sources

of sediment feeding the reservoir, one being the input

from the Tigris River flow and the other being the sedi-

ment carried with run-off from the reservoir watershed.

The Tigris River flow input was the main sediment

source to the reservoir. There are ten main valleys feed-

ing the reservoir, three from the right bank and seven

from the left bank (Fig. 3). Based on the sediment parti-

cle size, the most suitable equation for simulating the

sediment transport and deposition was the Ackers–White

equation, mainly because of the wide range of the sedi-

ment materials (Fig. 6). This equation was applied to sim-

ulate sediment transport and routing for the period

starting from 1986 (beginning of dam operation) to 2011

(the year of available reservoir bed survey data by Issa

et al. (2013a,b,c) and Al-Ansari (2013)). The parameters

of the considered model were calibrated, to provide the

best results for the reservoir bed level and deposited sed-

iments. The minimum bed level for 54 sections surveyed

by Issa et al. (2013c) was considered for the model cali-

bration. The observed (surveyed) and predicted mini-

mum bed level for the 54 sections along the reservoir is

Fig. 7. Yearly run-off and sediment

load from three main valleys on right

bank of Mosul Dam reservoir.

Fig. 8. Yearly run-off and sediment

load from seven main valleys on left

bank of Mosul Dam reservoir.
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shown in Figure 10. The coefficient of determination (r2)

between the observed and predicted values was 0.98,

while the values of the mean absolute deviation (MAD)

were 0.95, indicating a good model performance for

detachment, deposition and transportation of the sedi-

ment load within the reservoir. The total accumulated

trapped sediment load in Mosul Dam reservoir was con-

sidered to evaluate the model performance from

upstream to downstream near the dam site (Fig. 11). The

deposited sediment load accumulation for each 5-year

period (1991, 1996, 2001, 2006 and 2011) is also pre-

sented. Most of the sediment (80.7%) was deposited dur-

ing the first 5 years (1986–1991) of the dam operation.

The rate of sedimentation subsequently decreased over

time, being attributed to the high flow rate of the Tigris

River and the run-off from main valleys from the start of

the dam operation (Figs 4,7,8). The Tigris River flow

decreased gradually over time, especially after 1990, due

to a number of water schemes constructed on the head-

waters of the main river and his tributaries. The percent-

age of total sediment load entering the reservoir for each

5 year of the considered period (1991, 1996, 2001, 2006

and 2011) was 0.39, 0.28, 0.09, 0.13 and 0.11, respectively.

Furthermore, the reservoir trap efficiency was at its maxi-

mum value during that period, causing a higher sediment

load deposition compared to other time intervals. The

total sediment deposition in the reservoir until the end of

the simulation time was 1.13 km3, while the total sedi-

ment load deposition estimated with field surveys

(Al-Ansari 2013; Issa et al. 2013a,b,c) was 1.143 km3. This

Fig. 9. Measured and simulated reser-

voir level at different times during

simulation period.

Fig. 10. Measured and simulated

minimum bed levels at 54 sections

along reservoir flow path (survey of

Issa et al. 2013c).
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result indicates a good performance of the HEC-RAS

model for both flow and sediment routing simulations.

More than 50% of the sediment load was deposited in

the Mosul Dam reservoir which was at the upper part of

the reservoir because of the Tigris River inflow, which

carried the bulk of the sediment load entering the reser-

voir. The average annual sediment load carried by the

Tigris River for the study period was 26 9 106 tons.

The other source of sediment carried with run-off flow is

the valleys around the reservoir. The average annual

sediment load to the reservoir from the three valleys on

the right side of the reservoir and the seven valleys on

the left side of the reservoir is 43 9 103 and

702 9 103 tons, respectively, representing only about

2.8% of the sediment input, compared to the Tigris River

load. Although the sediment load from the valleys is rela-

tively low, compared to that from the Tigris River, the

location of valleys outlet distributed along the reservoir

caused obstruction of sediment flows, increasing the sed-

iments at these locations.

CONCLUSIONS
The HEC-RAS model was used to simulate flow and sedi-

ment routing in Mosul Dam reservoir. The simulation per-

iod begins in 1986 (start of Mosul Dam operation) to 2011.

The model was calibrated for both flow and sediment con-

siderations, based on available measured values. The

results indicated a good model performance for both flow

simulation and deposited sediments. The coefficients of

determination (r2) were 0.87 for flow simulation and 0.98

for comparison between observed and predicted bed level.

The resultant total deposited sediment load was 1.13 km3,

which is very close to the results obtained in 2011 via

bathymetric surveys (1.143 km3) from a previous study.

Furthermore, most of the sediments (80.7%) were depos-

ited during the first 5 years of the start of the operation of

the dam, indicating a high sediment trap efficiency of the

dam at the start of its operation. The model results indi-

cated the coarse sediment carried by the Tigris River

inflow was deposited at the upper part of the reservoir,

while the finer sediment was deposited along the flow path

in the reservoir. More than 50% of sediment was deposited

in the upper part or the reservoir, which represents the

main sediment source, noting the run-off flow from the ten

valleys on both sides of the reservoir represented only

about 2.8% of the total average annual sediment load of

26.8 9 106 tons. Although the sediment input carried in

run-off flow from the main valleys represents a low percent-

age of the total sediment load, it is deposited in the reser-

voir near the location of main channel, thereby causing

obstruction of flow and increasing the deposited load.
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