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ABSTRACT 

 
Reservoir sedimentation is the main problem that directly affects the performance of dams due to 
the reduction in the storage capacity of their reservoirs. Monitoring the storage capacity of 
reservoirs is an important issue for the planners, designers and operators of the dams. Iraq mainly 
depends on the rivers Tigris and Euphrates for its water resources. Until the 1970s, Iraq was 
regarded as a rich country with regard to its water resources, due to the presence of the Tigris 
and Euphrates rivers. Recently, its water resources have decreased significantly due to an 
increased water demand and global climate changes. In view of this situation, it became 
necessary to know about Iraq’s water resource trends to adopt prudent water resource 
management strategies. Among these strategies is the assessment of the sedimentation rates in its 
reservoirs to determine their actual storage capacities and reduction rates of storage capacity 
through time.  
 
Mosul Dam Reservoir (MDR) is the biggest and one of the most important strategic projects in 
Iraq. It is a multipurpose project constructed to store water and to handle flood control and 
hydropower generation but the main purpose was to provide water for three irrigation projects 
that cover 2,500 km2 of agricultural areas. The dam is located on the River Tigris in northern 
Iraq, 60 km north-west of the city of Mosul. The project was designed to store 11.11 km3 with 
water surface area of about 380 km2 at the maximum operation level 330 m a.s.l. It is noteworthy 
to mention that MDR has operated since 1986, and no detailed studies have been carried out to 
determine the sedimentation characteristics in its reservoir since that time. In the present work, 
the storage capacity, sedimentation rates, area-storage capacity (ASC) curves, sediment nature 
and their grain size distribution and bottom morphology of its reservoir were studied. Direct and 
indirect methods were used to achieve these goals.  

In the direct methods, two topographic maps for MDR’s area were established in a triangular 
irregular network (TIN) format using Arc/GIS software. One of them before dam construction 
from pre-construction topographic map scale 1:50000 and other from bathymetric survey that 
was conducted in 2011. These maps were used; to calculate the volume of deposited sediment, to 
develop and evaluate ASC curves, to determine the bed morphology and to estimate the useful 
life of MDR. The results of the two surveys indicated that 1.143 km3 of sediment were deposited 
in MDR during the 25 years of its operation. This implies that the reduction in its original 
storage capacity was 10.29% with an annual reduction rate of 0.441% which is less than the 
sedimentation rates in the worldwide and Middle East. Furthermore, the results showed that 
0.563 km3 and 0.58 km3 of sediment were deposited in live storage and dead storage zones 
respectively. This indicates that the live and dead storage zones lost 6.9% and 19.66% of their 
storage capacity till 2011 respectively. According to these results, MDR’s useful life will be 
about 127 years or 121.5 years based on the depletion of its dead storage or 50% of its maximum 
storage capacity respectively. Likewise, the survey suggested new ASC curves for MDR. 
Comparison of the two TIN maps showed most of the sediment was deposited in the upper part 
of MDR, where the River Tigris enters MDR and it gradually reduced towards the dam site. 
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There were erosion areas within the reservoir and mainly close to the dam body which might be 
due to dissolving the gypsum. 

In addition, fifty six sediment samples were collected from the bottom of its reservoir to study 
the nature of sediment deposited using the Van-Veen grab sampler. The samples were covering 
most of the reservoir area. The results revealed that the sediments were comprised of gravel, 
sand, silt and clay in the ratios 3.8%, 15%, 55.5% and 25.7% respectively. The distribution of 
these sediments indicates that the silt portion represents the highest or 77% of the bottom 
sediment of this reservoir followed by clay 13.5% and then sand with gravel 9.5%. However, 
sand percentages are the highest in the northern zone of the reservoir where the River Tigris 
enters the reservoir and decrease gradually towards the dam site. In the meantime, silt percentage 
decreases towards the dam site whilst the finer fraction (i.e. clay) increases. The sediment is 
poorly sorted, nearly symmetrical in skewness and leptokurtic, very leptokurtic, to mesocratic. 

Indirect approaches using several empirical and semi-empirical techniques to determine 
sedimentation characteristics in MDR were used. Three empirical approaches based on the 
particle grain size of the sediment deposited showed that MDR’s useful life ranged from 122.5 to 
132 years. Six different empirical methods to determine the sediment trap efficiency (TE) of 
MDR were adopted. These methods were based on the residence time principle (water retention 
time). The methods were used to determine monthly TE and long-term TE for MDR for the 
period 1986 to 2011. The TE results with sediment entering MDR were used to calculate the 
amount of sediment deposited during its operational period. The comparison of the results with 
the bathymetric survey showed that all techniques gave good agreement, especially those 
depending on monthly TE, but the method that was proposed for large dams gave a more 
accurate result with 0.350% percentage error.  

To find out the sediment deposited depth at the Mosul dam site and to establish and predict 
changes in its ASC curves, four empirical and semi-empirical techniques were used for MDR. 
The results obtained were evaluated using the bathymetric survey data. The comparison of the 
results for establishing the ASC curves showed that one method agreed with bathymetric results 
whilst two methods gave good results for the sedimentation depth at the dam site. Furthermore, 
three of these methods were modified to predict the future changes in the ASC curves with 
sedimentation, based on the data from 11 reservoirs in the USA. The modified approaches were 
applied to MDR to predict the future ASC curves for 50, 75, 100 and 125 years. The curves 
predicted by these methods demonstrated compliance with the method adopted by the U.S. 
Bureau of Reclamation ‘area reduction method’. Finally, the indirect approaches can help 
decision makers, planners and designers, to monitor sedimentation characteristics and to 
implement prudent strategies for management of MDR in the future and to know the most 
suitable technique to adopt for MDR in the future.  

 

Keywords: Area-storage capacity curves; Area reduction method; Bathymetric survey; 
Losing storage capacity; Mosul dam; Reservoir bottom morphology; Reservoir sedimentation; 
Sediment trap efficiency; Useful life of dam. 
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CHAPTER 1 

 

Introduction 

This chapter presents general information about sedimentation in reservoirs. This includes, 
mechanism and consequences of the phenomenon, techniques used to estimate deposited 
sediment, the aims and main outlines of this study. 

1.1 Background 

Dams are usually built across streams, rivers and estuaries for the development and management 
of water resources. They are designed to serve several aspects such as water storage for 
irrigation, flood control, navigation, municipal water supply and environmental purposes as well 
as hydropower generation (Morris and Fan, 1998; Jain and Singh, 2003; Garde, 2006). 
Generally, the total water storage of reservoirs in the world has been mentioned by various 
sources. One such reported forms about 5% of total runoff (Yang, 2003) whilst others said the 
global gross storage capacity till 2004 was 6000 km3 (Sumi, et al., 2004; Basson, 2008; 
Annandale, 2013) (Fig. 1.1).  

 
Figure 1.1: Global storage capacity of large dams that have height ≥15 according to the 
International Committee on Large Dams (ICOLD) classification (After Basson, 2008). 

Regardless of the purpose, the formation of a reservoir after dam construction causes changes in 
the flow regime upstream and downstream of the reservoir. The upstream flow velocity 
decreases due to the increase of the flow cross-sectional area and backwater flow effects. 
Therefore, the ability of river to transport sediment upstream of a reservoir will be reduced due 
to the changes in the equilibrium conditions. As a result, deposition of sediment; coarse materials 
such as gravel and coarse sand are the first to settle forming a delta or topset bed zone at the 
point where the river enters the reservoir. It is composed of coarse sediment deposits with a 
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small amount of fine particles (Fig. 1.2). Fine sediment particles enter the reservoir and might be 
deposited close to the dam body by turbidity currents or non-stratified flow forming a bottomset 
bed zone. Whilst the buffer zone between the above zones is called the forest bed zone, which is 
the advancing part of the delta deposit in the reservoir towards the dam (Fig. 1.2). The forest 
beds are different from the topset beds and can be recognized by an increase in the slope and 
decrease in their grain size (Morris and Fan, 1998; Garde, 2006). 

 
Figure 1.2: Sediment deposit zones in reservoirs (After Morris and Fan, 1998). 

The sediment deposited in the reservoir is the result of the erosion in the entire catchment area 
upstream from the dam (Foster, 2010). The global sediment flux ranges between 15-20 billion 
tons per year (Bt.yr-1) (Syvitski, et al., 2005; Walling, 2006). The 15-25% of total sediment is 
impounded by reservoir (Vörösmarty, et al., 2003; Syvitski, et al., 2005). The global erosion 
rates recently have been increased annually by about 2.3 billion tons largely due to land use and 
human impacts (Syvitski, et al., 2005). On the other hand, most of rivers in the world showed a 
decrease of about 1.4 billion tons in their sediment load due to trapping of sediment by upstream 
dams (Walling and Fang, 2003). Sediment movement and deposition is a complicated 
phenomenon that is affected by multiple hydraulic and hydrological factors. The dominant 
factors that influence the sedimentation process and its distribution are sediment properties, 
amount of water and sediment incoming to the reservoir, reservoir characteristics and its age, 
locations of the bottom outlets and the reservoir operation mode (Annandale, 1987; U.S. Bureau 
of Reclamation, 1987; Morris and Fan, 1998; Garde, 2006). The sedimentation problems can 
take place upstream, downstream and within the reservoirs. In general, the phenomenon causes 
the following effects: 

1- Reducing the storage capacity of reservoirs due to accumulative sediment (Sumi, et al., 2004; 
Annandale, 2013). 

2- Accumulation of sediment directly affects the performance of the hydraulic structures (Garde 
and Ranga Raju, 1985). 
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3- Sediment trapped in the reservoirs deprives downstream coastal areas that depend on the 
riverine sediment supply (Vörösmarty, et al., 2003; Meade and Moody, 2010; Kondolf, et al., 
2014). 

4- Raising the bed of the reservoir due to sedimentation causes an increase in the surface area of 
the impounded water for the same volume stored and thus increasing the amount of 
evaporated water (Garde and Ranga Raju, 1985; Garde, 2006). 

5- Deposition upstream in the river valley due to backwater flow effect causes a rise in the bed 
level of the river. This might cause flooding and the formation of swamps in those areas. 

6- Increased the risk of sediment starvation in the downstream reaches due to clear water 
released. This will cause erosion of the banks and the bed of the river. Such a phenomenon 
will affect all hydraulic structures and impact on the riparian ecosystem (Draut, et al., 2011; 
Ma, et al., 2012). 

7- The upstream swamps formation will lead to an increase in water loss due to transpiration by 
vegetation increase.  

8- The sediment deposited on the bottom of the reservoir buries and kills the vegetation and 
changes the environmental regime. In addition, nutrients are often associated with sediment 
deposited. These materials can affect the ecosystem downstream (Vörösmarty, et al., 1997; 
Foster, 2010).   

There are a lot of examples of reservoirs showing the riskiness of the foregoing effects. For 
example, Yasuoka reservoir in Japan, on the Tenryu River lost about 85% of its storage capacity 
in the first thirteen years of operation due to accumulative sediment (Garde and Ranga Raju, 
1985). In Kansas, USA, a reservoir was built on the Salmon River at Osborne province for water 
supply with a capacity of 3.7 ×104 m3 and was completely filled with sediment one year after its 
construction. Matilija Dam, 58 m in height in the state of California, was built in 1948 on the 
Ventura River with reservoir storage capacity of 1.6 million cubic meters. Its reservoir almost 
filled with sediment in 1998 (Rogers and Kondolf, 2007) (Fig. 1.3). Warsak Dam, 76 m high and 
located on the Kabul River, Pakistan, lost as much as 18% of its storage capacity in the first year 
of operation (Morris and Fan, 1998; Jain and Singh, 2003). In China, Sanmenxia Dam, 
constructed on the Yellow River between 1957-1960, 1.8 billion metric tons of sediment was 
accumulated in the first 18 months after dam operation. The sediment was deposited in the river 
about 260 km upstream from the dam due to a back water effect (Wu, et al., 2007). The delta of 
the Mississippi River has lost over 4,800 km2 largely due to reduction of sediment supply 
trapped upstream (Kondolf, et al., 2014). The sediment brought by a flood caused complete 
burial of the outlet structures of the Guayabal irrigation dam in southern Puerto Rico (Jain and 
Singh, 2003). Sediment accumulation at the inlets of the main pumping station of north Al-
Jazeera irrigation project in Mosul Dam Reservoir, Iraq caused the stoppage of the station for 
several days during 1999 and 2005 (Mohammed, 2001; ECB, 2010).  
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Figure 1.3: Matilija Dam. 

The accumulation of sediment within the reservoirs is one of the main objects that directly 
affects the performance of dams and threatens their usable life due to the reduction in their 
storage capacity (Kondolf, et al., 2014). Recently, the global sedimentation rates exceeded the 
new storage capacity rates of new dams. This is due to the fact that there are no feasible, 
economical and suitable sites for new dams. As a consequence of this, the global storage 
capacity will be reduced by half by 2,100 (Annandale, 2013; Kondolf, et al., 2014). Therefore, 
the sustainability of water supply and hydroelectric production will be threatened due to 
increasing demand and reduction of storage capacity (Annandale, 2013). Generally, the global 
loss rate or sedimentation rate of the reservoirs is around 1% of their storage capacity due to 
sedimentation (Mahmood, 1987; Basson, 2008) (Fig. 1.4).  

 
Figure 1.4: Global sedimentation rate (After Basson, 2008). 

In view of the above, the sedimentation problem is so serious that some dams were not 
constructed due to the fact that sedimentation rates are so high that the reservoir will fill up with 
sediment before they cover their costs. Therefore, planners, designers and operators of dams are 
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interested in determining the rate of sedimentation and sediment trap efficiency (TE) in the 
reservoir, type and properties of sediment and the reservoir bed morphology or pattern of 
sediment distribution within the reservoir. 

1.2 Determination the Sedimentation Rates  

Sediment management and strategies increase the lifespan of dams and decrease the problems of 
downstream reaches through mitigating the downstream sediment starvation due to the upstream 
sediment impounding. Therefore, it is important to have information about both the rate and 
pattern of sedimentation in the reservoirs to predict the expected problems which might occur 
and to mitigate their effects. This will help decision makers and operators of the reservoirs to put 
strategies and remedies in place to deal with expected future problems. The accumulation of 
sediment in the reservoir is a complex phenomenon because of the factors involved (e.g. 
sediment yield, sediment transportation rate, sediment type, reservoir operation, reservoir 
geometry, and changes in stream flow). In addition, accumulated sediment may consolidate due 
to their weight and the overlying water weight with time (Morris and Fan, 1998). Therefore, the 
estimation of the quantity of sediment deposited in reservoir is still a complex problem. For this 
reason, many approaches have been developed to determine the characteristics of reservoir 
sedimentation. Some of these are direct methods, and others are indirect empirical or theoretical 
methods. 

1.2.1  The Direct Methods  

These methods use direct field measurements. The selection of a certain method depends on the 
type, purpose, and cost of the work, reservoir characteristics, amount of sediment deposited and 
desired accuracy. These methods are usually classified into several types based on the techniques 
and equipment used in the survey. 

I- Sediment Mass Balance 

The sediment deposition rate can be estimated using principle balance between fluvial sediment 
inflow in the downstream station compared with relationships established between upstream and 
downstream hydrological stations before the dam construction. The method is used to evaluate 
the sediment TE of the reservoir and should be checked with reservoir surveys (Morris and Fan, 
1998). 

II-  Sub-bottom Profiling 

Sub-bottom profiling systems are used to identify and measure various sediment layers that exist 
below the sediment water interface using acoustic systems. These possess two frequency signals; 
high frequency 200 kHz range to measure water depth and a low-frequency 5-24 kHz signal 
range, which will penetrate the sediment and is reflected by the hard layer that represents the 
original soil or rock. The system uses this reflected energy to provide information on sediment 
deposited. The method is easy to use, highly accurate for up to 10 m of sediment thickness or 
more. This method can be used in situations where the original topographic map is not available. 
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In some cases, the signals are affected by the presence of water and gases (e.g. methane gas 
bubbles) which will cause unreliable readings (Morris and Fan, 1998).  

III- Horizon Tracing Using 137Cesium 

This technique is used to measure the sediment deposition rate by measuring the deposition 
depth above an identifiable and datable horizon using the 137Cesuim isotope. The Cesium emits 
gamma radiation. It is found in sediment deposited since 1954, and peak values occur around 
1964, producing two datable layers in the profile. Using this property, deposition rate can be 
measured directly. The procedure has been commented on by McHenry and Ritchie (1980). They 
reviewed and evaluated the procedure and they put recommendations for its future use. Several 
researchers used this technique to find the rates of erosion and sedimentation in different areas 
(Walling, et al., 2001; IAEA, 2014; Porto, et al., 2014 a and b). Recently, Parsons and Foster 
(2011) evaluated this technique. They did not recommend its use for estimating the rates of 
erosion. 

IV- Spud Surveys 

It is a simple technique using a manual cylinder steel rod about 2 to 3 m long and 3 to 4 cm inner 
diameter, which possesses a regular group of outside tapering grooves (Fig. 1.5). The method 
was suggested in 1934 by Eakin and Brown (Morris and Fan, 1998; Vanoni, 2006). The Spud 
casts vertically into the reservoir from a sufficient height to penetrate the deposited sediment to 
the original underlying soil. The method can be used to determine the depth of sediment 
deposited without the need to use the original topographic map and when the sonic sub-bottom 
technique is unable to identify the original layer due to the presence of gases or water interfaces. 
The technique is most viable with; soft fine sediment, where the sediment thickness does not 
exceed 4 m and the water depth is less than 30 m. On certain occasions when the water is deep 
the bar is coated with heavy duty grease before dropping it in order to keep the sample 
undisturbed. The accuracy of this method depends on the user’s experience. 

 
Figure 1.5: Spud rods to determine the thickness sediment deposits (After Vanoni, 2006). 
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V- Satellite Imagery Technique  

The Satellite Remote Sensing method is rather a new technique for the assessment of sediment 
accumulation in reservoirs. It is used to determine the relationships between storage capacity and 
water-spread area with water elevation (Jain, et al., 2002; Ashish Pandey, et al., 2014). The 
water-spread area at any elevation can be calculated using the satellite images and then develop 
the stage-capacity curve from these areas. This curve can be used to calculate the amount of 
sediment deposited in the reservoir by comparing it with original curve. The method gives highly 
accurate results with high resolution satellite data but has some negative points such as it does 
not estimate the amount of sediment deposited below the dead storage elevation especially with 
normal pounded reservoirs. It is only possible to determine the accumulative sediment within the 
fluctuation zone for water level in the reservoir (Goel, et al., 2002). 

VI- Reservoir Surveys 

Reservoir survey or hydrographic survey is a direct measurement technique used to determine 
the total volume of the sediment deposited, sedimentation pattern, reservoir bottom profile, shift 
in the Area-Storage Capacity curves (ASC) and it can be used to calculate the sediment yield 
from the watershed using the sediment bulk density together with survey results. This technique 
is very old and dates back to early twentieth century (NOAA, 2012). The recent advances in 
Global Positioning System (GPS) and computer programs caused a significant reduction in the 
efforts, time and costs of collecting and analyzing survey data (Jain and Singh, 2003; Ferrari and 
Collins, 2006). There are some advantages and limitations of the hydrographic survey.  

The advantages are as follows: 
1- Practical, highly accurate and needs less time if advanced equipment and computer programs 

are used. 
2- The total costs are much less in comparison with other methods. 
3- The survey is able to estimate the total amount of sediment deposited in the reservoir or 

carried by the river. 
4- It is possible to implement the survey at any time to determine the sediment deposited after 

the last survey. 

The limitations are: 
1- The survey cannot estimate the spatial variation in the unit weight of sediment because the 

sediment samples are limited and the sediment unit weight varies due to compaction with time 
and location. 

2- The approach does not provide any information about sediment yield from specific catchment 
and sub-catchment areas. 

3- To determine the total sediment load inflow, the amount of sediment out flow from 
downstream gage station should be known.   

4- The survey is not feasible when the sedimentation rate is low. Small errors of measurement 
may cause a large error in the estimate of deposition rate. 
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The survey techniques may be divided into two methods, which are: contour survey and range 
survey. The method selection depends on the reservoir characteristics, deposition rate, purpose 
and cost of survey and desired accuracy. The contour survey is the most accurate method for 
determining storage capacity and reservoir bottom morphology (sediment distribution) and it is 
also used to develop stage-area and stage-storage capacity relationships. Recent advances in 
survey technology reduces the time and cost for data collection. Furthermore, analysis 
procedures have improved with the continued development of computers and data collection 
software. Therefore, the method is suitable for all types and shapes of the reservoir but it takes 
more time than the range method (Morris and Fan, 1998; Ferrari and Collins, 2006). To 
minimize interpolation error in this type of survey the distance between two transverse sections 
should be less than the distance between two shores (Morris and Fan, 1998). However, the 
Sedimentation and River Hydraulics Group within U.S. Bureau of Reclamation suggested 500 to 
600 ft spacing and at times 2,000 ft for large reservoirs with a flat bottom (Ferrari and Collins, 
2006).  

However, the range survey method is faster and a more economical technique than the contour 
survey because field data collection and processing are greatly simplified compared with the 
contour survey method (Morris and Fan, 1998; Ferrari and Collins, 2006). The method is suitable 
for tracking changes in storage capacity due to sedimentation in a minimum period of time. The 
range method uses a series of transverse sections across the reservoir, which is resurveyed at 
intervals and is used to calculate the volume change between the two lines over time. The lines 
should be perpendicular to the reservoir axis and set up across the mouth of each main tributary 
of the reservoir as well as each major inflowing channel. The number of lines depends on 
reservoir characteristics and required accuracy (Morris and Fan, 1998). Morris and Fan (1998) 
have suggested the following formula to estimate the number of range lines as a rough guide: 

Number of range lines ………………………………………………...………… (1.1) 

where  is the reservoir water surface area at maximum pool level in m2. 

The frequency of reservoir surveying depends on the sedimentation rate, reservoir characteristics 
and costs of running a survey. The interval between two surveys is usually 20 years with 
reservoirs that have low sedimentation rates. By contrast, at sites where the sedimentation rate is 
very high a survey interval as short as 2-3 years might be used (Morris and Fan, 1998).  Others 
use a 5-10 years interval or a time period when storage reductions between two surveys does not 
exceed 7.5% (Ferrari and Collins, 2006). It is, however, necessary to conduct the survey after a 
major flood to provide information about the impacts of flooding on the storage and there should 
also be a survey directly after closure of the reservoir to provide a benchmark for future 
sedimentation rate estimation (Morris and Fan, 1998).  

1.2.2  The Indirect Methods 

The complexity of sediment transport and deposition in the reservoirs led to development of 
numerous indirect techniques to predict sediment distribution in reservoirs. Indirect methods are 
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classified into empirical or semi-empirical approaches and theoretical approaches. The empirical 
and semi-empirical methods were developed by the U.S. Bureau of Reclamation and have been 
widely used to develop and predict the shift ASC curves. The first empirical method was 
developed by Borland and Miller (1958) referred to as the ‘area increment method’. This method 
assumed that the reduction on water surface area at any depth above the new zero depth is 
constant, i.e. an equal amount of sediment will be deposited within each depth increment of the 
reservoir (Borland and Miller, 1958; Strand and Pemberton, 1982). The second approach was the 
‘area reduction method’ that was devised by Borland and Miller (1958) and revised by Lara 
(1962) based on analysis of sedimentation data for 30 reservoirs in the USA (Croley, et al., 1978; 
Garde and Ranga Raju, 1985). It is the most commonly used method for predicting the impact of 
sediment deposition in a reservoir or the change in the ASC curves with reservoir sedimentation. 
Furthermore, there are new semi-empirical approaches to determine ASC curves as reported by 
Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and Heidarpour (2010) and 
Kaveh et al. (2013). These last three methods are dimensionless equations based on the form of 
the dimensionless relationship for depth and capacity. There is also a simple technique using a 
sediment rating curve with sediment TE of the reservoir to estimate the amount of sediment 
deposition. The above methods are easy and quick to use relative to other methods and do not 
need a large amount of data. However, these methods cannot be used to determine the deposition 
depth in specific locations within the reservoir.  

The second approach is to use physical models which have been developed to study the 
sedimentation problems in laboratory. The models are scaled models used to simulate the 
prototype systems. The scaling is in terms of geometry and important forces such as the Froude 
number or Reynolds number. Water is always used as the fluid and natural grains or artificial 
materials are used to represent the sediment (French, 1994; Chanson, 2004). Generally, physical 
models are classified into four types: undistorted fixed-bed model, distorted fixed-bed model, 
undistorted and distorted movable-bed models (French, 1994). Likewise, several mathematical 
models for predicting future behavior of reservoirs sedimentation have been developed, based on 
the equations of motion and continuity for water and sediment. One-dimensional models are 
commonly used to simulate sediment transport within rivers and reservoirs (Molinas and Yang, 
1986; Yang, 2002 and 2008). Mathematical models have many important advantages compared 
to physical models. They are cheaper to undertake, faster in implementation, easier to simulate 
under any conditions and are able to simulate some problems numerically that cannot be 
simulated by physical models. Mathematical models may be copied, stored and transported onto 
magnetic or optical media or compatible computers and then re-run anytime and anywhere. 
However, their limitations are: hard to be calibrated and inability to identify the depth and 
location of the sedimentation (Annandale, 1984; Morris and Fan, 1998). 

1.3 Objectives and Achievements of the Work 

As pointed out in the previous sections, sediment accumulation in the reservoir reduces its 
storage capacity. Therefore, it is necessary to conduct periodic surveys to find out the status of 
the reservoir. This work was carried out for two main reasons: Firstly, no survey has been 
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conducted on Mosul Dam Reservoir (MDR) since its operation in 1986 to determine its storage 
capacity and to evaluate and update the adopted ASC curves. Secondly, Iraq is facing serious 
water shortage problems now due to climate changes and increasing demand (Al-Ansari and 
Knutsson, 2011; Droogers, et al., 2012;  Al-Ansari, 2013) where, the annual reduction of the 
water inflow for the Tigris and Euphrates Rivers before entering Iraqi territory is 0.1335 km3.yr-1 
and 0.245 km3.yr-1 respectively (Issa, et al., 2014). Thus, MDR is the biggest and the most 
important strategic structure on the River Tigris in northern Iraq. This project provides water for 
three irrigation projects that cover an area about 2,500 km2. In view of the foregoing, it is very 
important to assess the sedimentation characteristics in MDR to determine actual storage 
capacity and reduction rate of its reservoir through time, to estimate its useful life and to know 
which technique is more suitable to adopt for MDR in the future. This can help decision makers, 
planners and designers, to put prudent planning in place for Iraqi water resources problems. 
Therefore, the study aims to fulfill the following specific objectives:  

1- Developing topographic maps for MDR in digital format ‘triangular irregular network’ 
(TIN) format using Arc/GIS software before and after dam construction. 

2- Determining the new storage capacity and sedimentation rate in the reservoir.  

3- Developing the new ASC curves for MDR. 

4- Determining the reservoir bed morphology and identifying the locations of sediment 
accumulation. 

5- Figuring out the type and grain size distribution of sediment within MDR. 

6- Estimating the useful life of MDR using empirical approaches and bathymetric survey 
results. 

7- Determining the amount of sediment deposited in MDR using its sediment TE and 
sediment rating curve and comparing the results with the bathymetric survey results to 
know which technique is more suitable for MDR. 

8- Evaluating the some empirical and semi-empirical approaches to determine ASC curves of 
MDR by testing their results with the bathymetric survey results. 

To achieve the above aims 1 to 4 with high accuracy a bathymetric survey (contour survey 
method) was used in this study. The survey was implemented using the ‘echo sounder sonar 
viewer type Sea Charter 480DF’ and its results were analyzed by sonar viewer 2.1.2 and 
Arc/GIS software. Fifty six sediment samples were collected from the top surface of bed of 
MDR covering most of the reservoir area by ‘Van-Veen grab’ sediment sampler to achieve 5. 
Whilst the useful life of MDR (point 6) a three empirical equations with bathymetric survey data 
were used to estimate it. Furthermore, to achieve 7 and 8 six empirical techniques were used to 
estimate volume of the deposited sediment using sediment TE of MDR and four empirical and 
semi-empirical methods were used to estimate the future changes in its storage capacity and to 
develop ASC curves. The following chart shows the work achievements and its relationship with 
appended papers (Fig. 1.6).  
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CHAPTER 2 

 

Study Area 
 

2.1 Mosul Dam  

Mosul Dam is one of the most important strategic projects in Iraq for management of its water 
resources. The project was constructed on the Tigris River in the north of Iraq, located 60 km 
north west of Mosul city and 80 km from the Syrian and Turkish borders at 4056066 m N and 
305356.69 m E (Iraqi Ministry of Water Resources, 2012) (Fig. 2.1).  
 

 
Figure 2.1: Location of Mosul dam with main facilities. 

Construction of Mosul Dam began on January 25th, 1981. The dam is a multipurpose project and 
it started operating on July 24th 1986, to provide water for three irrigation projects, flood control 
and hydropower generation. The dam is 113 m high and 3,650 m long including the spillway. 
The top width is 10 m at 341 m a.s.l. crest level. The dam is an earth fill type with a mud core. 
The upstream side is faced with rock (Iraqi Ministry of Water Resources, 2012). The maximum, 
normal and dead storage levels of its reservoir are 335, 330 and 300 m a.s.l respectively. The 
dam was designed to impound 11.11 km3 of water at normal operation level, including 8.16 and 
2.95 km3 of live and dead storage respectively (Fig. 2.2).  

The dam has a concrete spillway located on the left abutment (Fig. 2.1). The crest elevation of 
the spillway is 330 m a.s.l and its length is 680 m. The spillway has five radial gates measuring 
13.5 m×13.5 m giving a discharge of 12,600 m3.sec-1 at the maximum reservoir level of 335 m 
a.s.l (Iraqi Ministry of Water Resources, 2012). 

Mosul Dam reservoir 

North Al-Jazeera 
pumping station 

Dam site 

Hydropower generation   

Tigris River 
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Figure 2.2: Schematic diagram of Mosul dam cross section. 

The power generation and pump stations of the north Al-Jazeera project are the important 
structures within the dam project, which were relied upon to monitor the water level during the 
bathymetric survey. The power generation facilities are located on and in the right abutment of 
the main dam (Fig. 2.1). The powerhouse is located in the toe of the dam embankment and 
includes four turbines with total generating capacity of 750 MW. The Al-Jazeera pump station is 
located in the upper zone of the reservoir 278409 m E and 407663 m N with a maximum water 
discharge 45 m3.sec-1 (Fig. 2.1) (Iraqi Ministry of Water Resources, 2012). 

2.2 River Tigris and Catchment Area of Mosul Dam 

The Tigris River is one of the two most important rivers in western Asia and is the main source 
of water for MDR. The Tigris River rises from the Hazar Lake, located in the south eastern 
region of Turkey. The lake is surrounded by the Taurus mountain chain where the elevation 
reaches 3,500 m a.s.l. The catchment area of the River Tigris is geographically divided into three 
regions: mountainous, foothills and the plain region. Its estimated area upstream of MDR is 
about 54,900 km2, which is shared by Turkey, Syria and Iraq (Swiss Consultants, 1979; Saleh, 
2010) and the catchment area of the valleys surrounding the reservoir is about 1,375 km2 (Ezz-
Aldeen, et al., 2012). The Tigris River flows in the hilly regions located to the south western 
portion of the mountainous area connecting Turkey, Iran and Iraq. The River crosses the Iraqi 
border in Faish Khabur village which is located about 400 km from the main source and 128 km 
upstream of Mosul Dam. Four major tributaries, Batman, Garzan, Botan and Al-Khabur feed the 
Tigris River north of Mosul Dam from the left bank (Najib, 1980; Al-Ansari and Knutsson, 
2011). Six large dams in Turkey had been constructed on the River Tigris upstream from Mosul 
Dam during the last century (UNEP, 2001). The channel of the Tigris River is shallow and wide 
in the Diyarbakir area, but after it joins the Batman tributary it becomes a narrow and deep river 
with high velocity. The width of the river valley (flood plain) north of Mosul city to Faish 
Khabur before Mosul Dam construction ranged from 2 to 10 km and the average water surface 
slope in this reach was 0.65 m km-1 (Swiss Consultants, 1979; Najib, 1980). The banks of the 
river valley have steep slopes from the right hand side and gentle low slopes from the left hand 
side. The most significant features of the River Tigris basin are given in (Table 2.1). 
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Table 2.1:  Characteristics of the Tigris Rivers basin. 

Tigris River Turkey Iraq Syria Iran Total 

Discharge km3.yr-1 33.5 6.8 0.0 11.2 51.5 

Discharge (%) 65.0 13.2 0.0 21.8 100 

Drainage Area km2 45 000 292 000 1 000 37 000 375 000 

Drainage Area (%) 12.0 54.0 0.2 33.80 100 

River Length (km) 400 1318 44 — 1862 

River Length (%) 21.0 77.0 2.0 — 100 
Source: [UNEP, 2001; Biedler, 2004]. 

The annual hydrograph for the Tigris River starts from October to September. The highest mean 
monthly discharge takes place during April and the driest month is generally September (Fig. 
2.3). 

 
Figure 2.3: Monthly (mean, minimum and maximum) inflows of Tigris River at dam site (1931-

2013). 

 

The average monthly discharge for the River Tigris is 631 m3.sec-1 for years 1931 to 2013 and 
the maximum discharge was 3,514 m3.sec-1 in April 1954 whilst, the minimum was 81 m3.sec-1 
in October 2013 (Fig. 2.4). 

The sediment on the bed of the river before construction of the dam had a median grain size 
diameter of  mm (Swiss Consultants, 1979; Najib, 1980). In 2009, the sediment of the 
river were studied by the Dijla Company for Engineering Design and they noted that the specific 
gravity for bed material was  whilst the median grain size diameter of the sediment 
was  mm (ECB, 2010). 
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Figure 2.4: Average monthly inflow and its trend line of the Tigris River at dam site (1931-

2013). 

2.3  Mosul Dam Reservoir 

The reservoir is located between latitude (4055000 to 4086000) m N and longitude (275000 to 
320000) m E. The shape of the reservoir is almost elongated where the River Tigris enters the 
upper zone and expands close to the dam site. The length of the reservoir is about 45 km and its 
width ranges from 2 to 14 km with a water surface area of about 380 km2 at the maximum 
operation level of 330 m a.s.l. There are seven main valleys that feed the reservoir from the left 
side and three from the right side of the reservoir (Ezz-Aldeen, et al., 2012). The characteristics 
of these valleys are shown in (Table 2.2). The soils of these valleys are mostly silty loam, silty 
clay, loam and clay. On the other hand the annual sediment delivered by right and left valleys of 
MDR are 42.7 × 103 ton.yr-1 and 702 × 103 ton.yr-1 respectively (Ezz-Aldeen, et al., 2012; 2013).  

 
Table 2.2: Properties of the main tributary valleys around Mosul reservoir. 

Valley name Side feeding Area km2 Slope Length km 
Mean basin level m 

a.s.l 
Sweedy Right 450.76 0.0359 38.8 446.62 
Kara Kandy Right 78.52 0.0217 21.82 388.38 
Khuyr Hara Right 50.06 0.0525 10.86 404.89 
Amlik Left 88.95 0.0281 38.94 470.42 
Jardyam Left 88.73 0.0215 52.68 457.1 
Affkery Left 139.5 0.0214 58.04 445.34 
Khrab Malk Left 119.6 0.0255 51.32 475.87 
Naqeb Left 104.1 0.0143 54.71 426.52 
Kalaq Left 162.26 0.0173 60.52 424 
Saeed Thaher Left 92.25 0.026 43.23 414 
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Using the data available from the Iraqi Ministry of Water Resources the average monthly inflow 
and outflow of the reservoir was 561 and 555 m3.sec-1 for the period 1986 to 2011of its operation 
(Fig. 2.5). Mosul Dam provided water for three irrigation projects, power generation, regulation 
and flood control. Dam operation started during June 1984, with initial reservoir filling during 
the spring of 1985 but the actual operation began in July, 1986 (Iraqi Ministry of Water 
Resources, 2012). The operation mode of the dam during 1986-2011 is shown in figures (2.5) 
and (2.6) for discharges and water elevations respectively.  

 
Figure 2.5: Average monthly inflow and outflow discharges of MDR for 1986-2011. 

 
Figure 2.6: Average monthly water elevations of MDR for 1986-2011. 

2.4 Climatic Features 

The climate of the catchment area may be regarded as being similar to a Mediterranean climate 
except for some differences due to the presence of the mountainous region which is located 
within Turkey. The climate is hot and dry during the summer and cold and rainy during winter 
with occasional snowfall taking place in the mountainous region. The precipitation season within 
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the Tigris River basin starts in October and lasts until May. The annual precipitation over the 
Tigris basin ranges between 450 and 1,000 mm (Al-Ansari and Knutsson, 2011) whilst it is 200-
600 mm at the dam site (ECB, 2010). The heaviest precipitation occurs from December to 
February. Generally, the snow thaw begins in February. Therefore, the flood runoff continues to 
May or early June. After this the flow rates are reduced and the lower rates occur in August to 
October. During this period the main source of the river runoff is groundwater. The average 
monthly temperatures range between 6°C in January to 34°C in July but the temperatures 
decrease towards the north (ECB, 2010). 

2.5 Geology  

The oldest exposed formation within the vicinity of the reservoir is the Pilaspi Formation 
(L.Miocene). The exposures of this formation are confined to the hilly areas. It is composed of 
dolostone, limestone, marl and marly limestone. In the plain areas, Lower and Upper Fars 
(Lower–Upper Miocene) formations are exposed. The Lower Fars Formation (also referred to as 
the Fatha Formation) is composed of alternating beds of limestone, gypsum and siltstone whilst 
the Upper Fars Formation (also referred to as the Injana Formation) is composed of alternating 
beds of sandstone and siltstone. In the northern part of the reservoir near the inlet, the main 
geologic formations are Pilaspi and Ana which are composed of limestone, while the Fatha and 
Injana Formations dominate the plain area (Al-Sinjari, 2007; Sissakian, et al., 2014). 

In the vicinity of Mosul Dam, the exposed formation is Lower Fars. It is composed of alternating 
beds of limestone, marl and gypsum (Al-Ansari, et al., 1981). 
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CHAPTER 3 

 

Sedimentation in the Mosul Dam Reservoir 

The sedimentation study includes the evaluation of the rate of sedimentation in the reservoir and 
its sediment characteristics. This was achieved during the fieldwork conducted in 2011. 

3.1 Topographic Map  

A pre-impounding topographic map scale 1:50000 was obtained from the Remote Sensing 
Centre at Mosul University, Iraq. It was used to develop a TIN map for the reservoir before 
operation of the dam. The map was initially scanned and converted to (JPEG) format before 
further processing (Fig. 3.1A). The topographic map was projected onto a satellite image and 
georeferenced to the Universal Transverse Mercator (UTM) projection, ‘WGS-1984, Zone 38N’ 
in the Arc/Info program within Arc/GIS software (ESRI, 2012) (Fig. 3.1B). Contour lines and 
spot locations of elevations (benchmarks and high-water marks) within the reservoir area on the 
map were manually digitized to determine x, y and z coordinates. Furthermore, stream path lines 
representing the River Tigris within the reservoir area were also digitized using water surface 
slope and contour lines. The total number of the digitized points within the reservoir area was 
6,029 points (Fig. 3.1C). The reservoir ‘Polygon Shapefile’ (hard clip) around the reservoir 
boundary was created from the satellite image using the Arc/map program within Arc/GIS 
software. The polygon was used during a TIN development to prevent interpolation outside the 
enclosed area (Issa, et al., 2013). All digitized points from the 1983 map and reservoir ‘Polygon 
Shapefile’ were used to develop a TIN for the reservoir area before the construction of the dam 
(Fig. 3.1D). The TIN was created by the tools ‘add XY data’ command in Arc/map program 
within Arc/GIS software. The ‘WGS-1984, Zone 38N’ projection information, linear unit meter 
for interpolation, and 0.9996 scale factor were used for the construction TIN in the Arc/GIS 
software. 

Figure 3.1D was used to calculate the water surface area and storage capacity of MDR before 
impounding by ‘3D-analyst’ tools. The area and storage capacity of MDR as a function of pool 
elevation are listed at 2 m intervals in table 3.1. 

 



20 
 
 

 
Figure 3.1: Projection process of topographic map and formation TIN map for MDR before 

construction dam. 

Table 3.1: Water surface area and storage capacity of MDR at different water levels for 1983 
survey. 

Pool elevation 
(m a.s.l) Area (km2) Storage 

capacity (km3) 
Pool elevation 

(m a.s.l) Area (km2) Storage 
capacity (km3) 

250 0.0331 0.0000375 292 104.93 1.787 
252 0.0815 0.000148 294 111.35 2.003 
254 0.4775 0.00686 296 122.66 2.237 
256 2.341 0.00303 298 133.72 2.495 
258 6.7995 0.0116 300 142.92 2.851 
260 14.203 0.042 302 203.41 3.117 
262 18.304 0.110 304 215.99 3.536 
264 22.363 0.161 306 227.92 3.980 
266 27.151 0.226 308 239.65 4.448 
268 33.251 0.218 310 251.13 4.939 
270 37.242 0.288 312 262.63 5.452 
272 40.506 0.366 314 274.28 5.989 
274 43.954 0.450 316 286.46 6.55 
276 48.574 0.543 318 299.46 7.136 
278 56.256 0.647 320 316.15 7.750 
280 61.485 0.765 322 325.00 8.45 
282 68.609 0.895 324 335.00 9.10 
284 78.797 1.043 326 350.00 9.90 
286 87.319 1.211 328 364.00 10.65 
288 93.023 1.392 330 380.00 11.38 
290 98.817 1.584    
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This data was used to construct the ASC curves before the dam operation to evaluate the adopted 
operational curves that were proposed by Imatran Voima Osakeyhtio (IVO), Consulting 
Engineers, Finland (IVO, 1968) (Fig. 3.2). In doing so it was found that the percentage 
difference was 4.0% for stage-storage capacity curve and 7.7% for the stage-water surface area 
curve (Fig. 3.3). These differences are due to the fact that the ASC curves proposed by IVO 
(1968) for the dam were constructed using topographic maps older than 1968 whilst the maps 
used in this work were constructed in 1983. In addition, the difference in the dates of map 
construction and the techniques might have caused these differences. The 1983 TIN will be used 
for comparison with the 2011 bathymetric survey. 
 

 
Figure 3.2: ASC curves of MDR by IVO (After IVO, 1968). 

 

 
Figure 3.3: ASC curves for MDR before dam construction. 
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3.2  Bathymetric Survey 

The hydrographic survey or bathymetric survey are used to measure directly the sediment 
deposited in reservoirs and lakes. The method was developed during the early twentieth century 
using manual techniques to measure water depth and boat position (NOAA, 2012). For water 
depth measurement many procedures were introduced; in 1903, Murray and Pullar presented a 
lead-lining recorder method for water depth measured using a winch system which was used in 
Loch Earn in the Grampian Highlands of Scotland (Al-Ansari and McManus, 1980). Weighted 
wire-drag survey method was introduced in 1904 and acoustic depth sounding (fathometer) was 
used in the 1930 (USACE, 2004; NOAA, 2012). Single-beam techniques were used to measure 
water depth from the 1940s to the 1980s and then multi-beam techniques were developed. 
During the period up to 1994, three point sextant fixes to map reference points or microwave 
equipment (range-range or range-azimuth) methods were used to determine the position of the 
boat (USACE, 2004; NOAA, 2012). Through that period, the range line survey was commonly 
used rather than contour survey due to its relatively low cost. Since 1994, important advances in 
bathymetric surveying technology have occurred due to the use of Global Positioning Systems 
(GPS) instead of the short-range microwave positioning techniques. Furthermore, the field data 
collection equipment and software have also become more advanced (USACE, 2004). 
The recent advances in GPS, depth measuring systems (sonar viewer technique) and analysis 
procedures have also improved with the continued development of computers and data collection 
software. The contour method has become the preferred method for reservoir survey. This 
method is the most accurate technique for determining the total volume of sediment deposited, 
sedimentation pattern, the sediment yield from the watershed, and shift in the ASC curves 
(Ferrari and Collins, 2006; Morris and Fan, 1998). 

3.2.1 Field Techniques and Collecting Data 

Bathymetric survey for MDR was conducted in May 2011 using an echo sounder with 
accessories, Jet Ski boat, echo sounding power unit (12V DC) and a variety of auxiliary 
equipment. The data was collected using a ‘200-kHz single-beam echo sounder viewer type Sea 
Charter 480DF’ linked to a ‘Real Time Kinematic Global Positioning System (RTK-GPS)’ which 
were working together to define the absolute x, y and z coordinates of the reservoir bottom 
during the navigation (Fig. 3.4). The RTK-GPS determines the horizontal position of the survey 
boat whilst the echo sounder measured the water depth. The bathymetric survey system software 
recorded water depths and horizontal positioning along the path of the boat within the reservoir 
and automatically logged in an SD card (Secure Digital card) flash memory card, these are called 
sonar charts or sonar graphs (Fig. 3.5).  

The duration of the bathymetric survey was about 12 days starting on May 15th and ending on 
June 3rd 2011. Figure 3.6 shows the details of the transect lines during the bathymetric survey of 
MDR. The survey was conducted according to U.S. Army Corps of Engineers standards for 
distances between transverse sections, boat types and calibration methods (USACE, 2004). 
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Figure 3.4: Fish Elite 480 and Sea Charter 480DF echo sounder. 

 
Figure 3.5: Shows a typical chart logged during the survey. 

 
Figure 3.6: MDR bathymetric survey data points or path of the boat survey. 
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Installation and calibration of the echo sounder were performed before the bathymetric survey 
according to the methods described in Ferrari and Collins (2006) and Eagle Electronics (2003). 
The error values of water depth measurements were ±4 cm depending on the water depth within 
the reservoir. The water temperature during the survey was taken by sea chart echo sounding. 
The temperature range was 28-30°C during the whole survey period. Since the change in 
temperature was very small, the effect of temperature in water depth measurements was 
negligible (Ferrari and Collins, 2006). The bathymetric survey was performed in calm water to 
avoid the errors in water depth measurement due to waves. The water surface elevations during 
the survey were recorded at the hydropower generation station at the dam site and the pumping 
station of the north Al-Jazeera irrigation project at the upper zone of MDR. The recorded 
readings were between 319.75 to 319.96 m a.s.l. These elevations were used to convert the 
acoustic depth measurements to reservoir bottom elevations during the data processing. 

3.2.2 Data Processing 

The recent advance in computer technology and software facilitates the processes of the data 
analysis. The echo sounding survey system produces data files in (slg) format containing water 
depth data and boat position data. Each (slg) was converted to x,y,z  coordinates in excel file 
format by the Sonar Viewer program 2.1.2 (Lowrance, 2012). All water depths were transformed 
to the reservoir bed elevations according to the water elevations on the survey date. It should be 
mentioned however, that the survey was conducted during calm periods where the wave heights 
were less than 10 cm. For this reason the effect of waves was negligible. The final bathymetric 
survey data was about 84,684 points within the reservoir area. This data and polygon Shapefile 
were used to develop a TIN of the 2011 survey by tools ‘add XY data’ option using Arc/map 
program within Arc/GIS software (Fig. 3.7). 

 

 
Figure 3.7: TIN map of MDR surface model generated from bathymetric survey 2011 using 

Arc/map program. 
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3.2.3 Bathymetric Survey Results 

The main objectives of reservoir survey are calculation of the reservoir storage capacity, updated 
ASC curves and to determine sediment distribution within the reservoir. The TIN map is usually 
used to compute the storage capacity and water surface area of the reservoir by ‘3D-analyst’ 
command within Arc/GIS software (USACE, 1989 and 2004; Ferrari, 2006). The TIN for the 
1983 survey (Fig. 3.1D), TIN for 2011 survey (Fig. 3.7) and adopted ASC curves (Fig. 3.3) were 
used to calculate the following: 

I- Storage Capacity and Sediment Accumulation 

The total volume of sediment accumulated within a reservoir represents the reduction in storage 
capacity for two surveys executed at two different times (Ferrari and Collins, 2006). The 1983 
and 2011 TIN maps were used to calculate the storage capacity and water surface area for both 
live and dead storage zones using Arc/GIS software (Table 3.2). The storage capacities of MDR 
at normal pool elevation in 1986 and 2011 were 11.11 km3 and 9.967 km3 respectively. The 
difference in storage capacities was 1.143 km3. This is the total storage loss due to sediment 
deposition through 25 years of operation which represents 10.29% of total storage. This implies 
that the annual sedimentation rate is 0.411%. This rate is less than the average worldwide rate of 
1% that was proposed by Mahmood (1987) and Basson, (2008). In view of the above, the annual 
sedimentation rate in MDR is 45.72×106 m3.yr-1. According to the observed results, the 
sedimentation rates in dead storage and live storage zones are 23.2×106 m3.yr-1 and 22.52×106 
m3.yr-1 respectively. This implies that the dead storage and live storage zones have been losing 
19.66% and 6.9 % of their storage capacity during the 25 years of operation of the dam. 
Furthermore, the annual loss in water surface area of the reservoir at dead storage level (300 m 
a.s.l) is 1.34 km2.yr-1. 

Table 3.2: Storage capacity and water surface area of MDR for two surveys. 

Storage   

Storage capacity (SC)  Water surface area (WSA) 
Survey 
1983 
km3 

Survey 
2011 
km3 

Difference 
in SC  km3 

% 
Reduction 

in SC 

Survey 
1983 
km2 

Survey 
2011 
km2 

Difference 
in WSA 

km2 

% 
Reduction 

in WSA 

Live 8.16 7.597 0.563 6.9 380 380 0.0 0.0 

Dead 2.95 2.37 0.58 19.66 170 136.54 33.46 19.7 

Reservoir 11.11 9.967 1.143 10.29 380 380 0.0 0.0 

II- New Area- Storage Capacity Curves 

The sedimentation in the reservoir caused a shift in the ASC curves. To ensure prudent operation 
of MDR, new operational curves were established based on the survey conducted in 2011. The 
TIN for the survey of 2011 was used to calculate water surface area and storage capacity as a 
function of water elevation for the Mosul reservoir using the ‘3D-analyst’ command (Table 3.3). 
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Table 3.3:  Water surface area and storage capacity of MDR at different water levels for 2011 
survey. 
Pool Elevation 

(m a.s.l) 
Area 
(km2) 

Storage 
Capacity (km3) 

Pool Elevation 
(m a.s.l) 

Area 
(km2) 

Storage 
Capacity (km3) 

250 0 0 292 100.936 1.422 
252 0.071728 0.0000115 294 110.4586 1.633 
254 0.60038 0.0007 296 118.78 1.862 
256 1.217 0.00244 298 127.122 2.108 
258 2.647 0.0061 300 136.540 2.371 
260 5.6005 0.01375 302 147.362 2.655 
262 8.44675 0.0279 304 159.678 2.962 
264 11.00638 0.0474 306 175.310 3.296 
266 13.6215 0.0720 308 191.093 3.662 
268 17.04205 0.1024 310 208.211 4.062 
270 21.463 0.141 312 224.722 4.494 
272 26.912 0.189 314 242.055 4.961 
274 32.10933 0.248 316 264.18 5.468 
276 38.40974 0.318 318 283.263 6.016 
278 44.7586 0.401 320 305.541 6.606 
280 51.682 0.497 322 315 7.30 
282 60.266 0.609 324 325 8.00 
284 69.954 0.739 326 342 8.61 
286 77.695 0.887 328 356 9.307 
288 85.443 1.051 330 380 9.967 
290 92.854 1.229    

This data was used to develop the new ASC curves of MDR (Fig. 3.8). The new curves were 
compared with the ASC curves that were proposed by IVO. It is evident that there is a shift 
between the curves. This is due to the change in the storage capacity and water surface area of 
the reservoir due to sediment deposition during the operational period of the dam. 

 
Figure 3.8: New ASC curves for MDR. 
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Stage-storage capacity displacement curves during the operational period of MDR (Fig. 3.9A) 
were proposed by IVO (1968). The data in table 3.3 and figure 3.9A is used to compare the 
established curves in this work (Fig. 3.9B). In figure 3.9B, it can be clearly noticed that the 
stage-storage curve of the 2011 survey falls between the initial and 40 year of operation curves 
but closer to the latter. It can also be noticed that the curve coincides with the 40 years operation 
curve at a water elevation above 316 m a.s.l. or more. This might be due to the accumulation of 
sediment at a greater rate than expected by IVO or due to the fact that the curves proposed by 
IVO (1968) for the dam were constructed using topographic maps older than that of 1968 whilst 
the dam was constructed in 1986. In addition, the difference in the dates of map construction and 
the techniques might have caused these differences. 

 
Figure 3.9: Comparison of stage-storage capacity curve displacement during operation of the 

MDR. 

III-  Sedimentation Pattern or Bottom Morphology 

The study of sediment distribution within reservoirs is of major importance for the designers and 
planners of hydraulic structures and those interested in flushing reservoirs. The accumulation of 
sediment in the reservoir reduces the water surface area (Annandale, 1987; Morris and Fan, 
1998). Therefore, maps for boundaries of MDR at normal and dead storage levels were 
developed for two surveys using Arc/map program (Fig 3.10). The two maps showed the 
maximum loss in water surface area at the dead storage level was in the northern part of the 
reservoir. This implies that most of the sediment had been deposited in upper part of MDR where 
the River Tigris enters the reservoir. 

Furthermore, the longitudinal bed profiles were plotted along the thalweg of the River Tigris 
within the reservoir area for both surveys (Fig. 3.11). Longitudinal profiles were established 
using two TIN maps and a topographic map before dam construction by Arc/map program. The 
difference between the two surveys represents the sediment deposited within the reservoir during 
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this period. These longitudinal profiles represent the deepest part of the reservoir bottom along 
the central portion before dam construction. The diagram shows that the greatest differences in 
bed elevations were within the upper zone of the reservoir and the overall bed slope of the river 
thalwag within the reservoir area changed from 0.65 m.km-1 to 0.71 m.km-1. 

 
Figure 3.10: The boundary of water surface area at dead storage level for two surveys of MDR. 

 
Figure 3.11: Comparison of thalweg longitudinal profiles for1986 and 2011surveys of MDR. 

To determine the changes in the reservoir bottom morphology with time due to erosion and 
sedimentation processes, a TINs difference command within Arc/map program was used to 
develop an erosion and sedimentation map for MDR (Fig. 3.12). The map highlights the areas of 
erosion, deposition and unchanged areas. Generally, erosional areas are restricted mainly in the 
middle and lower zones of the reservoir where the maximum depth was 9.6 m. They are believed 
to represent sinkholes and gypsum dissolved areas (Tamplin and McGee, 2005; Kelley, et al., 
2007; Wakeley, et al., 2007; Sissakian, et al., 2014). Some of these sinkholes are about 15 m in 
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diameter and more 15 m in depth (WII/BV, 2005). In addition, flash floods from side valleys 
during rainy seasons can cause some erosion in places and deposition in other places when it 
enters the reservoir. In the upper zone of the reservoir, the erosional areas are mainly confined to 
near the shore due to wave erosion or dissolved gypsum. Field observation and data in figure 
3.12 indicates that it is due to the huge accumulation of sediment in the northern and middle 
parts of the reservoir in that area converting the main flow to the south causing erosion near the 
banks. 

As previously stated, most of the sediment is deposited in the upper zone of the reservoir and at 
the confluences of the side tributaries (Fig. 3.12). In addition, The TIN difference map shows 
that the maximum deposition that took place in the upper zone was 17.6 m. This pattern is very 
logical for this is where the River Tigris transports 99.79 % of the sediment entering the 
reservoir while 0.21 % of the sediment is contributed from the side valleys (Ezz-Aldeen, et al., 
2012 and 2013). This sequence is very logical in reservoirs (Fan and Morris, 1992, Vanoni, 
2006). 

 

 

 
Figure 3.12: Differences between two TINs for survey 2011 and 1983 of MDR.  

The three dimensional bottom models of MDR were constructed for two surveys using 
Arc/Scene program within Arc/GIS software to clarify the above results (Fig. 3.13). 
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Figure 3.13: 3-Dimensional bed profiles of MDR at elevation 330 m a.s.l. 

3.3   Sediment Survey 

Dam construction dramatically alerts the balance of sediment inflow and outflow (Morris and 
Fan, 1998; Julien, 2010). As a consequence, most of the sediment is usually deposited in the 
reservoirs except for the fine particles that are expected to be further transported and deposited 
within the vicinity of the dam. The large reservoirs with protracted residence time can trap even 
wash load (Morris and Fan, 1998; Julien, 2010). Knowing the type and particle grain size of 
sediment is important for those interested in the management of reservoirs (Kondolf, et al., 
2014). Fifty six sediment samples were collected from the bottom of MDR to study their nature 
and distribution. The sediment samples were collected during the bathymetric survey period 
using the Van-Veen grab. The RTK-GPS system defined the locations of these samples which 
were projected on the satellite image using Arc/GIS software (Fig. 3.14). To determine the grain 
size of the sediment, all the samples were sieved at Mosul University lab. The fine fraction (silt 
and clay) was subjected to hydrometer analyses at the same lab. This work intends to describe 
and classify the sediment deposited within the dam reservoir vicinity in terms of their size, 
statistical parameters and their distribution within the reservoir as follow. 

3.3.1 Sediment Grain Size and its Classification 

The grain size analyses of the sediment samples for MDR indicate that the sediments comprised 
of various size fractions ranging from 3.8% of gravel, to 15% of sand, to 55.5% of silt and then 
to 25.7% of clay. The silt portion occupies 77% of the surface area of the bottom of the reservoir 
followed by clay 13.5% and sand with gravel 9.5% (Fig. 3.15). The sand dominated areas are 
confined near the shores of the reservoir whilst the clay occupies the deepest parts of the basin.
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Figure 3.14: Locations of sediment samples in MDR. 

 

 
Figure 3.15: Map of the MDR showing the deposition pattern of various sediment size fractions. 

 

For textural perspective, two classifications were employed that were Folk’s (1954) 
classification and Blott and Pye’s (2012) classification. The first one showed the sediments are 
mainly dominated by silt reaching 42.86%, which are followed by mud 19.64%, and clay 10.7% 
on the gravel, sand and mud triangle whilst on the sand, silt, clay triangle gravelly muddy sand is 
the dominant 16.1%, followed by slightly gravelly muddy sand 5.36% and 5.34% divided 
between gravelly mud, slightly gravelly sandy mud and sandy silt (Fig. 3.16). Different results 
were obtained from second classification where the main dominant samples were very slightly 
gravelly muddy sand 7.1% followed by slightly gravelly slightly muddy sand 3.6% on the 
gravel: sand: mud triangle and slightly clayey silt 30.4% followed by silty clay 21.4% and clayey 
silt 12.5% (Fig. 3.17). 
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Figure 3.16: Folk (1954) classification for MDR bottom sediment. 

 
Figure 3.17: Blott and Pye (2012) classification for MDR bottom sediment. 

The analyzed data was used to determine the percentage of material size distribution within the 
reservoir using Arc/map program (Fig. 3.18). The results indicated that the high percentages of 
both Gravels and sand are confined in patches near the entrance of the tributary from the valleys 
on both eastern and western sides of the reservoir together with the entrance of the River Tigris 
from the north (Fig. 3.18). On the other hand, silt and clay cover most of the surface area of the 
reservoir bottom. The latter sediment sizes always occupy the relatively deep parts of the 
reservoir (Fig. 3.18). In addition, the longitudinal distribution of the sediments also confirms this 
pattern (Fig. 3.19). In Figure (3.19), it is quite evident that the sand percentages are higher in the 
northern zone of the reservoir where the River Tigris enters the reservoir and decreases gradually 
southward. Silt percentages decrease towards the dam site in the south whilst the clay fraction 
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increases in the same direction. This is a very common pattern (Morris and Fan, 1998, Garde, 
2006, Al-Ansari and Knutsson, 2012) when a reservoir has one main feeder like the Tigris River 
in our study case, because the velocity of water entering the reservoirs drops tremendously and 
suddenly, causing the deposition of coarser fractions near the feeder entrance. 

 
Figure 3.18: Distribution of the Gravel, Sand, Silt and Clay fractions of the bottom sediment. 

 
Figure 3.19: Longitudinal distribution of sand, silt and clay fractions in the bottom sediment 

across the MDR. 
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3.3.2  Sediment Statistical  Parameters 

The statistical parameters of the studied sediment were calculated according to Folk (1974). The 
results showed that the average median and mean sizes of the sediment were 0.142 mm (2.81 φ) 
and 0.0146 mm (6.1 φ) respectively. The distribution of the size of fractions of the bottom 
sediments (Fig. 3.20) showed that the size of the particles decreases from the shores towards the 
deeper parts of the reservoir. This is due to the fact that coarser particles are firstly deposited, 
followed by smaller particles when sediment influxes enter the reservoir through valleys and 
turbidity currents deliver fine sediment to the deep zones and close to the dam body. In addition, 
wave action on the shores of the reservoir will erode some sediment. In such cases, it is expected 
that relatively fine sediment particles will be carried far from the shore. 

Generally the studied samples showed that these sediments are poorly sorted (average value 
1.615). However, the sorting improves relatively within the vicinity of the shorelines of the 
reservoir and then it becomes poorer towards the central parts (Fig. 3.21). This might be due to 
the action of waves on the shore, in addition, sediment supplied by side valleys most probably 
will be deposited in the deep parts. In the northern zone of the reservoir most of the sediments 
are very poorly sorted. Whilst in the middle zone of the reservoir the most samples are poorly 
sorted and become moderately sorted towards the southern zone of the reservoir. This fluctuation 
in sorting is believed to be due to the wave action on the shores, which diminishes towards the 
center of the reservoir. 

 

 
Figure 3.20: Distribution of the Median (A) and Mean (B) for bottom sediment of MDR. 
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Figure 3.21: Distribution of the sorting for bottom sediment of MDR. 

 
Furthermore, the average skewness values 0.02 indicate that these sediments are nearly 
symmetrical. The distribution of the skewness (Fig. 3.22A) shows that within the deep parts of 
the reservoir, the sediments are negatively skewed which could be due to the accumulation of 
clay. However, in the northern part of the reservoir and near the entrance of some tributary 
valleys in the middle and southern parts of the reservoir, they are coarse skewed. This change in 
skewness is probably due to sediment supplied by the Tigris River in the northern parts and the 
side tributary valleys in the middle and southern parts of the reservoir. In addition, the sediments 
were grouped into Leptokurtic (32%), very Leptokurtic (28.5%) and Mesokurtic (16%) (Fig. 
3.22B). The distribution of kurtosis showed that sediments in the deep parts of the reservoir are 
extremely Leptokurtic while those near shore are very Platykurtic. Also, most of the samples 
were Leptokurtic in the northern and middle zones, but became very Leptokurtic in the southern 
zone. 
 

 
Figure 3.22: Distribution of the Skewness (A) and Kurtosis (B) for bottom sediment of MDR. 
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CHAPTER 4 
 
 
Empirical and Semi-empirical Approaches to Assess the 
Sedimentation in Mosul Dam Reservoir 

The involvement of numerous factors on sedimentation in reservoirs of the dams led to the 
development of many techniques to assess this phenomenon. Empirical and semi-empirical 
approaches are one of the most commonly used for these purposes that were developed based on 
sedimentation survey data. In this chapter, the useful life of MDR was estimated using two 
principles for estimating the useful life of the dams. Sediment TE and the amount of sediment 
deposited in MDR were determined using six empirical methods with the sediment rating curve 
and lastly ASC curves of MDR were developed using four empirical and semi-empirical 
techniques. The results of these techniques were compared with the results of the bathymetric 
survey. Furthermore, a modified approach was suggested for future prediction of ASC curves 
using the same methods. This can help decision makers and planners to know which technique is 
more suitable to adopt for MDR in the future. 

4.1  Useful  Life of Mosul Dam Reservoir 

The useful life or design life is the period that the sedimentation process does not affect the 
dam’s performance and its economic feasibility which is sometimes called useable life or 
reservoir active storage capacity (Garg and Jothiprakash, 2008). In general, the useful life of the 
reservoir is the time period when the reservoir has depleted 50% of its storage capacity or the 
dead storage is completely filled with sediment (Gill, 1979; Garg and Jothiprakash, 2008). The 
useful life for MDR was calculated using three algebraic equations that were derived using the 
sediment TE equation by Gill (1979). The equations represent the relationship between initial 
storage capacity of the reservoir, water and sediment inflow into the reservoir and specific 
weight of sediment deposited as shown in the following equations: 

i- For coarse grained sediment 

  …………………………...………………………… (4.1) 

ii- Medium sediment 

 ……………………………………………………………….. (4.2) 

iii- Fine sediment 
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 ……………………......………...…..… (4.3) 

where: -  is the useful life when the initial capacity is reduced to half; is the initial storage 
capacity of the reservoir;  is the annual water inflow;  is the characteristic weight of annual 
sediment inflow; and  is the specific weight of sediment deposited which was calculated based 
on the Lane and Koelzer empirical formula presented in 1953 (Annandale, 1987; Morris and Fan, 
1998). The results of the above approach are presented in the table (4.1). Furthermore, the 
bathymetric survey results (Table 3.2) were used for estimating the useful life based on the 
depleted dead storage and 50% loss of the initial storage capacity of the reservoir (Table 4.1). In 
such a case, the depositional conditions or sedimentation rate of MDR are assumed to be 
constant with sedimentation time. The observed results obtained from the bathymetric survey 
and analytical approach were similar. Accordingly, it is possible to assume that the useful life for 
the Mosul reservoir is approximately 125 years. 

Table 4.1: Useful life of MDR (year). 

2011 Bathymetric survey Gill approach 

Based on depleted dead 
storage 

Based on 50% reduction in 
storage capacity 

Coarse 
Sediment 

Medium 
Sediment 

Fine 
sediment 

127 121.5 122.5 127 132 

4.2  Trapping Efficiency and Techniques Used  

The sediment TE with the sediment rating curve is a simple technique to estimate the sediment 
deposition rate in the reservoirs (Annandale, 1987; Morris and Fan, 1998; Garde, 2006). The TE 
of sediment is an expression or indicator for the ability of the reservoir to impound sediment and 
reflects its characteristics to trap or collect sediment. It plays an important role in estimating the 
fraction of sediment deposited in the reservoirs, determining the useful life of the dam and 
assessing changes in the reservoir storage capacity with the time of the dam operation (Smith, 
1990; Maneux, et al., 2001). Therefore, it is a very important parameter for planners, designers 
and operators of the dams (Heinemann, 1981; Yang, 1996; Morris and Fan, 1998; Garde, 2006; 
Jothiprakash and Garg, 2008). TE of sediment is the index of that portion for the deposited 
sediment in the reservoirs to the total inflowing sediment that is usually expressed in percentage 
(Verstraeten and Poesen, 2001; Jothiprakash and Garg, 2008; Garg and Jothiprakash, 2008) and 
can be expressed as: 

 …………………….…………….. (4.4) 

The sediment TE is a function of many factors concerning the flow characteristics in the river 
and the reservoir, the amount of sediment coming and its properties, the geometry of reservoir 
and its age, the spillway location, depth and location of outlets and the operation mode of the 
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reservoir (Garde and Ranga Raju, 1985; Morris and Fan, 1998; Espinosa-Villegas and Schnoor, 
2009). The complexity of the sedimentation process led to the development of many approaches 
for determining the TE within the reservoirs. Some of them are direct and others are indirect. 
The direct method depends on bathymetric survey and sediment survey data whilst the indirect 
methods are estimated and based on hydrological data and reservoir features (Espinosa-Villegas 
and Schnoor, 2009; Lewis, et al., 2013). Historically, several approaches for calculating TE were 
developed but the most common are the empirical methods that developed based on survey data 
for some reservoirs. All these methods were established based on three principles. Firstly, the 
method depends on the storage capacity of reservoir and catchment area relationship that was 
suggested by Brown (1944). The second principle is the sedimentation index of the reservoir, 
which is the ratio of water retention time to the mean velocity in the reservoir that was proposed 
by Churchill (1948). Finally, that is the hydraulic residence time or inflow-storage capacity ratio 
presented by Brune (1953). In all empirical methods, the capacity of reservoir, annual inflow 
rate, features of the catchment area and reservoir geometry had been taken into consideration 
(Morris and Fan, 1998; Espinosa-Villegas and Schnoor, 2009). These methods are widely used 
for engineering purposes. Consequently, large numbers of empirical methods have been 
reported, but the most commonly used are: 

The method proposed by Brown (1944) is the first empirical curve suggested for the relationship 
between the capacity of reservoir ( ) and catchment area upstream dam ( ) which was 
represented by a general equation given below (Gill, 1979):  

  …………………………………………...……………….... (4.5) 

where  in acre-feet,  in square miles and  is a factor that depends on retention time and 
particle size of sediment which varies between 0.046, 0.1 and 1 for fine, medium and coarse 
sediment respectively (Gill, 1979; USACE, 1989). This method is used for the catchment area 
that has one dam. Churchill (1948) developed a concept of sediment release efficiency and 
proposed relationship based on sedimentation index and percentage for total load of incoming 
sediment (Fig 4.1). The curve integrates both water residence time and average flow velocity in 
the reservoir to calculate sedimentation index for a reservoir. The method is suitable to estimate 
release efficiency of sediment for the reservoirs continuously sluiced such as a stilling basin, 
small reservoirs and flood controlling structures (Morris and Fan, 1998; Jothiprakash and Garg, 
2008).  

The above two methods were based on the reservoir capacity, catchment area and sedimentation 
index principles of reservoirs but the following approaches depend on the hydraulic residence 
time principle. 
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Figure 4.1: Churchill’s (1948) release efficiency curve (After Morris and Fan, 1998). 

Brune (1953) established an empirical relationship curve for estimating long-term TE of 
reservoirs based on correlation between reservoir capacity and inflow ratio  depending on 
the data of 44 reservoirs in USA (Fig. 4.2). The method is widely adopted, easy in application 
and requires little data as well as it is suitable for large storage capacity with normal pond 
reservoirs (Morris and Fan, 1998; USACE, 1989; Espinosa-Villegas and Schnoor, 2009). This 
relationship (Figure 4.2) was developed to an empirical equation by Gill (1979) as follow: 

 ……………...………………………………………………. (4.6) 

where  is in m3 and  is the water inflow in m3.sec-1.  

 

Figure 4.2: Brune’s curve for estimating sediment trapping (After Brune, 1953). 

Dendy (1974) suggested algebraic equation by adding more data obtained from 17 small 
reservoirs (  ≤ 60 km2) to Brune’s curve as:  
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   ………………………………………………………...… (4.7) 

Gill (1979) derived three equations from Brune’s curves for fine (Eq. 4.8), medium (Eq. 4.9) and 
coarse (Eq. 4.10) sediment. 

  ………………….……….…..…….... (4.8) 

 ………………………………………………….……..…….……… (4.9) 

 ………………………..…………..……...... (4.10) 

Ward (1980) modified Brune’s equation (4.6) depending on the hydraulic water residence time 
for largest world reservoir as: 

 ……………………….……………...………………………..… (4.11) 

where  is  residence time in year,  and  are in hectare.m and m3.yr-1 respectively. 

Heinemann (1981) developed a new relationship for determining TE slightly difference from 
Brune’s curve based on data of 20 ponded reservoirs in USA.  

………………………………….………….....…… (4.12) 

Jothiprakash and Garg (2008) developed two empirical equations to estimate TE for medium and 
coarse sediment depending on the relevance to Brune’s curves for medium and coarse sediment 
particles as follows: 

i- For medium size sediment: 

 ………………………..……..…. (4.13) 

ii- For coarse size sediment: 

 ………………….………………………………. (4.14) 

It should be mentioned, the above approaches did not take into consideration the effects of future 
variation or reservoir operation mode and its age on the TE. In this section, six different 
empirical methods that were established based on the hydraulic residence time (water retention 
time) were used to evaluate and monitor monthly sedimentation processes within MDR for the 
period 1986 to 2011. The methods are: Brune (1953), Dendy (1974), Gill (1979), Ward (1980), 
Heinemann (1981) and Jothiprakash and Garg (2008). The monthly operating data for inflow-
outflow and water elevations for MDR were used to determine monthly TE and long-term TE for 
the whole period of its operation using the mentioned methods. Furthermore, the monthly inflow 
rate for River Tigris upstream MDR, its sediment rating curve and sediment feeding from valleys 
around MDR were used to estimate the amount sediment entering the reservoir. The results 
provided by these methods for TE with sediment entering MDR were used to calculate the 
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monthly amount of sediment deposited in MDR during this period. The results obtained were 
evaluated using observed bathymetric survey data that had been collected in 2011 after 25 years 
of the operation of MDR as follows: 

4.2.1 Sediment Coming to Mosul Dam Reservoir  
 
The River Tigris is the main source of water and sediment for MDR. Sedimentation was 
measured in the River Tigris before dam construction on three gaging stations by Harza 
engineering company et al. (1964) for a long period of time. These stations are: Zakho and Tusan 
that were upstream from MDR and the Mosul station at the dam site (Table 4.2). Figure 4.3 
shows the sediment rating curve for the River Tigris. On the other hand the annual sediment 
delivered by the valleys right and left of MDR were 42.7×103 tons.yr-1 and 702×103 tons.yr-1 
respectively (Ezz-Aldeen, et al., 2012; 2013). The monthly inflow rate data (Fig. 2.5) was used 
with the sediment rating curve of the River Tigris as well as sediment inflow from surrounding 
valleys to calculate average monthly sediment entering MDR (Fig. 4.4). 

Table 4.2: Locations of the gaging stations. 
Station Easting Northing 
Zakho 42° 41′ 00″ 37° 08′ 00″ 
Tusan 42° 28′ 00″ 37° 00′ 00″ 
Mosul 42° 49′ 03″ 36° 37′ 57″ 

 

 
Figure 4.3: Sediment rating curve of Tigris River under natural condition in three gaging 

stations (After ECB, 2010) (Hint: Mosul station at MDR). 
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Figure 4.4:  The monthly rate (discharge) of sediment load coming to MDR. 

4.2.2 Trap Efficiency of Mosul Dam Reservoir 
 
All empirical methods mentioned above did not take into account the variation of TE with time 
due to changes in the factors affecting it i.e. river behavior, the reservoir’s characteristics. They 
also assume that the operation mode will remain constant in the future. Therefore, in this study 
average monthly data of MDR was considered during the calculation of its TE to know the effect 
of these factors. The average monthly data of water elevations in MDR (Fig. 2.6) with stage-
storage capacity curve at 1986 (Fig. 3.2) was used to determine average monthly storage 
capacity of the reservoir (Fig. 4.5).  

 
Figure 4.5: Monthly variation of storage capacity for MDR. 

The monthly storage capacity and monthly inflow rate data (Fig. 2.5) were employed to calculate 
monthly TE of MDR by using the six previously mentioned methods that are represented by 
equations (4.6, 4.7, 4.9, 4.11, 4.12 and 4.13) (Fig. 4.6). 
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Figure 4.6: Average monthly TE for MDR. 

The sedimentation data (Fig. 4.4) and the monthly TE (Fig. 4.6) were used to determine the 
monthly amount of sediment deposited in MDR. The deposition data was employed to correct 
the storage capacity of MDR after sedimentation (Fig. 4.5). Thus the adjusted data was used to 
correct monthly TE of MDR (Fig. 4.7). The corrected data from TE was used again to determine 
the monthly sediment deposited in MDR during its operation, this will be used to calculate 
accumulative sediment deposited in MDR during 25 year of its operating (Fig. 4.8).   
 

 
Figure 4.7: Adjusted TE for MDR. 

4.2.3 Evaluation of the Methods Used and Sediment Deposited 

The results of six methods were evaluated by testing them against the bathymetric survey data 
for MDR obtained by the survey conducted in 2011. The total volume of sediment coming to the 
reservoir during the last 25 years was 1.199 km3 of which 1.143 km3 were deposited inside the 
reservoir according to the bathymetric survey results (Issa, et al., 2013). The incoming sediment 
was calculated from the sediment rating curve and the monthly inflow rate for the River Tigris 
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which was 1.17684 km3 whilst the surrounding valleys were contributing 0.02216 km3 (Ezz-
Aldeen et al., 2012; 2013). Therefore, the real TE of MDR is 95.329%. 

 
Figure 4.8: Accumulative sediment coming and deposited in the MDR during 25 years. 

The total volumes of sediment deposited in MDR were also calculated according to the empirical 
methods using average monthly data for inflow and storage capacity (Table 4.3). The long term 
TEs of MDR were also calculated using these empirical methods depending on the average 
inflow and average storage capacity of MDR during its operation period of 25 years. This was 
done to identify the effect of dam operation on TE. 

Table 4.3: Total sediment coming and deposited in the MDR during 25 years. 

Method used 

Total 
sediment 

inflow 
(km3) 

Using monthly TE Using long-term TE 

Average 
TE 

Total 
sediment 
deposited 

(km3) 

% Error 
Average 

TE 

Total 
sediment 
deposited 

(km3) 

% Error 

Brune 1.199 97.818 1.173 -2.625 99.573 1.194 -4.462 
Dendy 1.199 96.880 1.162 -1.662 99.003 1.187 -3.850 
Gill 1.199 97.708 1.172 -2.537 98.759 1.184 -3.587 
Ward 1.199 94.975 1.139 0.350 97.686 1.171 -2.450 
Heinemann 1.199 93.729 1.124 1.662 99.960 1.199 -4.899 
Jothiprakash and Garg 1.199 98.403 1.180 -3.237 99.646 1.195 -4.549 

The long term TEs were used to estimate the volume of sediment deposited in MDR (Table 4.3). 
The percentage errors for sediment volume deposited in MDR for all methods based on monthly 
average data and an average of the whole data (long term TE) are tabulated in table 4.3. The 
results for all methods showed a good consensus with the bathymetric survey, with a percentage 
error ranging between -3.237 to 1.662% for monthly adopted data and -4.549 to -2.450% for 
whole data (Table 4.3). The method that was proposed by Ward (1980) relatively gave very good 
results (percentage error 0.350%). In addition the methods produced convergent results for 
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determining monthly storage capacity (Fig. 4.5) and volume of sediment deposited in MDR (Fig. 
4.8).  
 

4.3  Area-Storage Capacity Curves  

The accumulation of sediment in a reservoir causes changes in its ASC curves (or stage-area 
curve and stage-storage capacity curve) (U.S. Bureau of Reclamation, 1987; Morris and Fan, 
1998; Mohammadzadeh-Habili, et al., 2009). ASC curves are regarded as one of the most 
important physical characteristics of the dams and their reservoirs. Therefore, establishing these 
curves and predicting their future change is an important issue for planners, designers and 
operators of dams. The ASC curves are commonly used to determine the storage capacity and 
water surface area of the reservoir at a given water elevation as well as to support flood routing, 
reservoir classification and operation mode (Borland and Miller, 1958; Strand and Pemberton, 
1982; Morris and Fan, 1998). Determination and future prediction of these curves is an important 
issue for: estimating the sedimentation depth at the dam site, determining the useful life of the 
dam, designing the bottom outlet elevation, determining the effect of backwater conditions on 
the flood level upstream of a reservoir and assessing changes in the reservoir storage capacity 
with the time of the dam’s operation. Empirical and semi-empirical techniques are used to 
determine the amount of sediment deposited in a reservoir as a function of water depth or stage 
(or to determine ASC curves). These methods are widely used for engineering purposes because 
they are relatively easy and quick to use and they require limited data. Consequently, large 
numbers of empirical methods have been reported (e.g. Borland and Miller, 1958; Borland, 
1970; Szechowycz and Qureshi, 1973; Croley, et al., 1978; Garde, et al., 1978; Chien, 1982; 
Annandale, 1984; Rahmanian and Banihashemi, 2011). 

4.3.1  Techniques Used  

The first empirical methods were developed by Borland and Miller (1958) and referred to as 
‘area increment method’ and ‘area reduction method’. The former assumed that the reduction on 
water surface area at any depth above the new zero depth is constant, meaning that an equal 
amount of sediment will be deposited within each depth increment of the reservoir (Borland and 
Miller, 1958; Strand and Pemberton, 1982). The latter method is the most commonly used 
method for predicting the impact of sediment deposition in a reservoir or the change in the ASC 
curves with reservoir sedimentation. The method was proposed, based on analysis of 
sedimentation data for 30 reservoirs in the USA and adopted by the U.S. Bureau of Reclamation 
(Morris and Fan, 1998). This technique is based on the adjustment of the water surface area 
above zero depth to a new area due to sedimentation that reflects the relationship between 
reduction in water surface area and sedimentation rate and reservoir characteristics. In this 
method, the reservoirs are classified into four categories based on the shape factor of the 
reservoir “ ” (Table 4.4). The shape factor represents the reciprocal slope of the straight line for 
the relationship of the reservoir depth at the dam site as the Y-axis against the storage capacity as 
the X-axis presented as a logarithmic scale plot (Borland and Miller, 1958; Mohammadzadeh-
Habili, et al., 2009; Mohammadzadeh-Habili and Heidarpour, 2010; Kaveh, et al., 2013). The 
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shape factor of a reservoir does not change linearly with time and depends on many factors 
including the characteristics, age and operation mode of the reservoir (Borland and Miller, 1958; 
Morris and Fan, 1998). 

Table 4.4: Reservoirs classification according shape factor “M”. Source: (Borland and Miller, 
1958). 

Type of reservoir Classification Shape factor  
    I Lake 3.5 – 4.5 

II Flood Plain–Foot hill 2.5 – 3.5 
III Hill 1.5 – 2.5 
IV Gorge or normally empty 1.0 – 1.5 

The area reduction method involves four different sedimentation pattern curves that were 
developed from the resurvey data assembled for 30 reservoirs (Fig. 4.9). These curves are 
dimensionless and are used to determine the change in the ASC curves due to sedimentation. 
This technique is usually used when the sedimentation rate and characteristics of the reservoir 
are available (for more details see Strand and Pemberton, 1982; 1987). 

 
Figure 4.9: Type curves of reservoirs for area reduction method (modified Strand and 

Pemberton, 1987).  

Mohammadzadeh-Habili et al. (2009) proposed a dimensionless equation for the relationship 
between water depth and storage capacity using the similarity between the natural logarithmic 
function curve and the depth-storage capacity dimensionless curve. This equation depends on 
only one unknown dimensionless parameter called the reservoir coefficient “ ” as follows: 

.………………….…………………….....………..……………. (4.15) 

where is reservoir capacity at depth , is reservoir capacity at maximum pool level, is 
the water depth above the streambed at the dam site and is the maximum water depth at the 



48 
 
 

dam site. The result obtained when plotting this equation on log-log paper is approximately a 
straight line for any  value and the slope of this line represents the shape factor of the reservoir 
as proposed by Borland and Miller (1958). Whilst the water surface area and reservoir 
coefficient equations were derived from equation (4.15) as follows: 

 ….………...……………………………  (4.16) 

 ...…………………………………………...………………..………….. (4.17) 

where   is reservoir water surface area at depth , and is the water surface area of reservoir 
at maximum pool level. 
The results of the equations obtained were compared with the resurvey data for 16 reservoirs. 
The comparison of the results demonstrated a good consensus, especially with reservoirs that had 
smoothed stage-storage capacity curve (Mohammadzadeh-Habili, et al., 2009). Furthermore, the 
results used to develop an empirical relationship between the reservoir shape factor“ ” and its 
coefficient (Eq. 4.18).  

 …………………….……………………...………………….………. (4.18) 

In 2010, Mohammadzadeh-Habili and Heidarpour modified the reservoir coefficient equation 
(Eq. 4.17) based on the original and secondary ASC curves of 40 resurveyed reservoirs in USA 
as: 

 ..………………………...…………………… (4.19) 

where is the modified  reservoir coefficient and is the reservoir coefficient obtained 
using minimization of the sum of squares of the errors of the original normalized water 
depth-capacity curve and curve from equation (4.17).  

In 2013, Kaveh et al. differentiated a simple dimensionless capacity equation using a parabolic 
equation that is used for reservoir capacity. The parabolic equation is used to represent the 
general form of the relationship between storage capacity and water depth which can be 
expressed as follows: 

   …………………….…….……………...…………………...… (4.20) 

where are the coefficients that are usually calculated using the ACAP computer program 
adopted by the U.S. Bureau of Reclamation (U.S. Bureau of Reclamation, 1985; Ferrari, and 
Collins, 2006). Kaveh’s equation depends on one reservoir coefficient parameter as: 

 ……………………………………………………..……………………... (4.21)  

where is the reservoir coefficient proposed by Kaveh et al. (2013). 



49 
 
 

The water surface area equation for a reservoir at different elevations and the reservoir 
coefficient equation were obtained as a derivative of the above equation (4.21) as follows: 

……..………………….……………………...……….…………………. (4.22) 

  ..............................................................................………………………….... (4.23) 

In addition, Kaveh et al. (2013) derived a relationship between the reservoir coefficient and the 
shape factor based on the above equations, which is: 

 …………………………………….……….…………………..………...…………. (4.24) 

The resurvey data assembled for 20 reservoirs in the USA and Iran showed that the approach 
proposed by Kaveh et al. (2013) is easy to apply and more precise compared to the method of 
Mohammadzadeh-Habili et al. (2009) (Kaveh, et al., 2013). It should be noted here, that the three 
approaches suggested by Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and 
Heidarpour (2010) and Kaveh et al. (2013) mainly depend on the dimensionless parameters in 
their calculation which are called reservoir coefficients. These coefficients depend on the 
dimensionless relationship between the ratio of capacity and ratio of water depth at dam 
site (  as stated in equations 4.15 and 4.21. This relationship depends on the conditions of 
reservoir sedimentation. Therefore, the reservoir coefficient value for this relationship varies 
with time depending on these conditions too. It should be mentioned however, that three of the 
above mentioned methods did not take into consideration future variation in this relationship or 
reservoir coefficient in response to sedimentation. 

4.3.2 Area-Storage Capacity Curves for Mosul Dam Reservoir  

The four methods described above were applied to MDR to generate ASC curves for its reservoir 
after 25 years of dam operation. To apply the area reduction method, the first step necessitated 
selecting the type of reservoir or type of sediment deposition pattern. This process depends on 
the shape factor, the mode of operating the reservoir and the predominant grain size of the 
sediment deposited (Morris and Fan, 1998). This information was used to select the appropriate 
empirical curve that was used to predict the sediment distribution within the reservoir. The data 
for MDR showed that the shape factor was 2.77, based on the slope of the original depth-
capacity curve (Fig. 3.3) on log-log paper. Its mode of operation is classified as moderate 
drawdown and the predominant grain sizes of the sediment deposited was mainly silt, sand and 
clay (Fig. 3.15). According to this data, MDR can be designated as type II, which represents the 
‘Flood plain–Foot hill’ reservoir type (Table 4.4). To confirm the type of curve, the existing 
depth-capacity curves produced for two previous surveys were plotted on the curves that were 
proposed by Borland and Miller (1958) for the empirical area reduction method (Fig. 4.9). The 
empirical curve type II was used to develop a stage-capacity curve and stage-area curve for 25 
years (Figures 4.10 and 4.11). The method was also used to estimate the maximum water depth 
at the dam site for the same periods (Table 4.5). Furthermore, the methods proposed by 
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Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and Heidarpour (2010) and 
Kaveh et al. (2013) were used to determine ASC curves and maximum water depth at dam site 
using sedimentation survey data for MDR. The dimensionless relationship of depth-capacity 
curve of MDR for 1986 and 2011 surveys were used to calculate its reservoir coefficients ( ,  
and ) (Table 4.5). The storage capacity for different elevations for MDR were computed using 
equations 4.15 and 4.21 based on its reservoir coefficients that were computed from 
dimensionless relationship of its original depth-storage capacity curve. Equations 4.16 and 4.22 
were used to compute the water surface area for the same elevations using the same reservoir 
coefficients. These results were used to construct the stage-storage capacity (Fig. 4.10) and 
stage-area curves (Fig. 4.11). While equations 4.17, 4.19 and 4.23 were used to determine water 
depth at dam site for the methods of Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-
Habili and Heidarpour (2010) and Kaveh et al. (2013) respectively (Table  4.5). 

 
Figure 4.10: Stage-storage capacity curves for the MDR for 25 year of dam operation. (Habili et 

al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour). 

 
Figure 4.11: Stage-area curves for the MDR for 25 year of dam operation. (Habili et al. is 
Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour). 
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Table 4.5: Variation of maximum water depth at dam site with sedimentation. 

Year of 
dam 

operation 

According 
to Survey 

(2011) 
Kaveh et al. (2013) Mohammadzadeh- 

Habili et al. (2009) 

Mohammadzadeh- 
Habili and Heidapour 

(2010) 

Area reduction 
method 

(m)  (m) % error  (m) % error  ) % error (m) % error 

0 83 0.73 __ __ 0.51 __ __ 0.488 __ __ __ __ 

25 80 0.67 78.30 2.125 0.47 77.364 3.295 0.450 80.85 -1.062 71.42 10.725 

50 77 0.61 76.134 1.125 0.43 74.863 2.775 0.412 78.24 -1.610 63.6 17.403 

75 74 0.55 73.50 0.676 0.39 71.85 2.905 0.374 75.10 -1.486 54.4 26.486 

100 71 0.49 70.23 1.099 0.35 68.15 4.014 0.336 71.22 -0.310 46.5 34.507 

125 68 0.43 66.03 2.891 0.31 63.50 6.634 0.298 66.35 2.460 38.2 43.853 
% 

average  
of error 

   1.563   3.757   -1.398  24.635 

 

The results of these methods were evaluated by testing them against the bathymetric survey data 
for MDR obtained by a bathymetric survey conducted in 2011. The percentage of errors for the 
maximum water depth at the dam site for all methods based on the bathymetric survey results are 
tabulated in table 4.5. For estimating maximum water depth at the dam site, the last three 
methods gave good results with margin of error ranging between 1.062 to 3.295% but that of 
Mohammadzadeh-Habili and Heidapour (2010) method gave very close results to those obtained 
by the bathymetric survey. The other methods however, predicted a water depth less than that 
provided by the bathymetric survey. This implies that the deposition depth predicted by these 
methods is greater than that represented by the actual sedimentation rate at the dam site. This 
might be due to the fact that most of the sediment was deposited within the upper part of the 
reservoir because MDR has an elongated shape and the river Tigris enters the reservoir in its 
upper part. 

The stage-storage capacity curves for 25 years (Fig. 4.10) show that the Kaveh et al. (2013) 
method provided results that were in close agreement with the actual survey data, when 
compared to other methods. The results showed that all methods converge and produce a good 
consensus with the survey data at elevations up to 318 m a.s.l (Fig. 4.10). Also the results 
provided by the Kaveh et al. (2013) method were the closest to the 2011 survey for the stage-
water surface area curve (Fig. 4.11). 

4.3.3 Future Prediction of Area-Storage Capacity Curves 

All methods employed assumed that the river’s behavior and the reservoir’s sedimentation 
characteristics will remain constant in the future i.e. no change on the operation mode and 
conditions of sedimentation with time (Morris and Fan, 1998). The sedimentation rate for  MDR 
(45.72 × 106 m3.yr-1 during the past 25 years) was assumed to remain constant and was used to 
calculate the amount of sediment deposited within 50, 75, 100, and 125 years. Furthermore, it 
was assumed that the banks of reservoir at maximum elevation will remain stable (no sliding and 
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wave erosion) and that the water stage in the reservoir does not exceed the maximum operation 
level so that the water surface area at this level will be constant with time (Mohammadzadeh-
Habili and Heidarpour, 2010). Therefore, the type of the reservoir does not change with 
sedimentation time unless the reservoir operation mode changes (Strand and Pemberton, 1987; 
Morris and Fan, 1998). Thus the area reduction method was also applied to predict the variation 
in the ASC curves with sedimentation over 50, 75, 100, and 125 years of dam operation (Figures 
4.12 and 4.13). Furthermore, the method was used to estimate the water depth at the dam site for 
the same periods (Table 4.5). 

The last three methods suggested by Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-
Habili and Heidarpour (2010) and Kaveh et al. (2013) as mentioned in the previous section 
depend mainly on reservoir coefficients in their calculations. The methods did not take into 
consideration future variation of this coefficient with sedimentation during determining ASC 
curves. Therefore, the methods were modified in this study to predict the future changes in ASC 
curves by using the original and secondary surveys data for 11 reservoirs in USA. The details 
and the characteristics of these reservoirs are tabulated in table 4.6. The dams of these reservoirs 
are classified as large dams according to the International Committee on Large Dams (ICOLD) 
classification (Morris and Fan, 1998). Accordingly, MDR falls within the same category. The 
data in table 4.6 for the original and secondary surveys was used to calculate the reservoir 
coefficients and  using equations 4.17 and 4.23 that were proposed by Mohammadzadeh-
Habili et al. (2009), and Kaveh et al. (2013) respectively. 

The results of surveys’ data for the selected reservoirs (Table 4.6) indicated that there is small 
variation of their reservoir coefficients (  and ) with time in general. This implies that there is 
a small change in the conditions of the reservoir sedimentation with time. In addition, it was also 
noticed that the Angostura and Nambe Falls dams had big variations in the first value of 
reservoir coefficient. This might be due to the nature of sedimentation, the shape of these 
reservoirs and operation conditions. The reservoir coefficient might increase or decrease based 
on the changes of sedimentation conditions. Furthermore, the result showed that there is a linear 
relationship between the reservoir coefficient (both  or  and time with the correlation 
coefficients R2 ranging from 0.65 to 0.995 (Figures 4.14 and 4.15). 
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Figure 4.12: Stage-storage capacity prediction curves for the MDR for periods 50, 75, 100, 125 

years of operation. (Habili et al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is 
Mohammadzadeh-Habili and Heidarpour). 

 
Figure 4.13: Stage-area prediction curves for the MDR for periods 50, 75, 100, 125 years of 

operation. (Habili et al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili 
and Heidarpour). 
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Table 4.6: Original and secondary characteristics of the studied reservoirs. 

Dam 
Year of 
survey 

 (m) 
 

(106 m2) 
 

(106 m3) 
   Reference 

Angostura 

1949 40.56 23.46 268.529 0.391 0.564 

0.645 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1965 26.853 23.46 242.035 0.533 0.768 
1982 25.329 23.46 231.983 0.541 0.781 
2004 23.805 23.46 222.466 0.552 0.797 

Belle 
Fourche 

1903 23.30 32.415 258.09 0.474 0.683 
0.771 

Mohammadzadeh-
Habili and 

Heidarpour (2010) 
1949 21.346 32.537 237.673 0.474 0.684 
2006 19.812 32.537 213.236 0.459 0.662 

Caballo 

1938 23.47 46.668 427.693 0.541 0.781 

0.826 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1981 20.422 46.668 408.912 0.595 0.858 
1999 20.422 46.668 402.944 0.586 0.846 
2007 18.898 46.668 400.8 0.630 0.909 

Gibson 

1929 54.556 5.492 129.343 0.598 0.863 

0.894 
U.S. Bureau of 
Reclamation 

(2009) 

1973 53.035 5.245 122.197 0.609 0.879 
1996 50.902 5.245 119.003 0.618 0.891 
2009 50.899 5.398 121.729 0.614 0.886 

Glendo 
1957 49.378 95.789 1418.213 0.416 0.600 

0.995 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1972 49.378 95.789 1415.819 0.415 0.599 
2003 48.128 95.789 1376.301 0.414 0.597 

Guernsey 
1927 28.956 9.733 91.043 0.448 0.646 

0.962 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1947 21.336 9.656 60.626 0.408 0.589 
1957 19.812 9.64 55.26 0.401 0.579 

Harry 
Strunk 

1949 32.888 23.391 246.616 0.444 0.641 

0.845 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1951 30.45 25.111 243.604 0.442 0.637 
1962 29.535 23.265 240.322 0.485 0.699 
1981 27.554 23.407 239.394 0.515 0.742 
2006 27.066 23.407 238.087 0.521 0.752 

Heron 
1972 71.81 24.88 531 0.412 0.596 

0.66 
U.S. Bureau of 
Reclamation 

(2010) 
1984 67.96 24.88 530 0.439 0.627 
2010 67.296 24.88 528.38 0.437 0.631 

Keyhole 
1952 34.351 83.855 784.396 0.378 0.545 

0.979 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1978 33.132 83.855 775.124 0.387 0.558 
2003 31.638 83.855 768.855 0.402 0.580 

Nambe 
Falls 

1976 43.523 0.299 3.574 0.381 0.549 
0.974 

U.S. Bureau of 
Reclamation 

(2013) 
2004 30.41 0.299 3.444 0.525 0.758 
2013 24.075 0.299 3.208 0.618 0.891 

Swanson 
Lake 

1953 28.558 40.631 446.288 0.533 0.769 
0.702 

U.S. Bureau of 
Reclamation 

(2011) 
1982 25.327 40.611 436.687 0.589 0.849 
2011 25.327 40.611 434.208 0.585 0.844 
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Figure 4.14: Variation coefficient of reservoir  with time according to Mohammadzadeh-

Habili et al. (2009). 

 
Figure 4.15: Variation coefficient of reservoir  with time according to Kaveh et al. (2013). 

To estimate the future values of MDR’s coefficients, the dimensionless relationship of its depth-
capacity curves for 1986 and 2011 were used to calculate the reservoir coefficients ,  and  
that were employed by Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and 
Heidarpour (2010) and Kaveh et al. (2013) respectively (Table 4.5). The calculated coefficients 
of MDR were extrapolated to calculate their future values for 50, 75, 100, 125 years based on the 
linear relationship of reservoir coefficient variation with time that was obtained from the 
resurveys data from 11 existing reservoirs (Table 4.5). These coefficients were used to calculate 
the maximum water depth at the dam site by applying equations 4.17, 4.19, 4.23 for the methods 
of Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and Heidarpour (2010) and 
Kaveh et al. (2013) respectively (Table 4.5). In addition, equations 4.15 and 4.21 were used to 
calculate the storage capacity for different elevations using these coefficients. Equations 4.16 
and 4.22 were used to calculate the water surface area for the same elevations. These results 
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were used to construct the stage-storage capacity and stage-area curves for sedimentation periods 
of different lengths (Figures 4.12 and 4.13). 
The results of the ASC curves for (50, 75, 100 and 125 years) showed that the modified methods 
using a linear relationship principle to determine the reservoir coefficient produced results in 
close agreement with those provided by the method adopted by the U.S. Bureau of Reclamation 
(area reduction method) and the consensus improved in time. The change in reservoir coefficient 
reflects the variations of the conditions of reservoir sedimentation. The surveys data for 11 
reservoirs indicated that the change of reservoir coefficient with time will be very small if the 
variation of reservoir sedimentation conditions is small and in such a case, even the average 
value can be used for this purpose. 

4.3.4  Shape Factor of Mosul Dam Reservoir 

The reservoir shape factor reflects the characteristics of the stage-capacity relationship for 
reservoirs. The factor changes with time due to the change in the stage-capacity curve caused by 
sedimentation. This factor was calculated for MDR via the slope of the depth-capacity curve for 
the surveys of 1986 and 2011 according to the method proposed by Borland and Miller (1958) 
(Table 4.7). It was also calculated using the relationships proposed by Mohammadzadeh-Habili 
et al. (2009) and Mohammadzadeh-Habili and Heidarpour (2010) equation 4.18 and equation 
4.24 for Kaveh et al. (2013) (Table 4.7). The results of these methods showed that Kaveh et al. 
(2013) method gave more accurate results with percentage errors of 1.08% and 5.24% for the 
1986 and 2011 surveys respectively (Table 4.7). According to the above results the method 
proposed by Kaveh et al. (2013) is considered a good approach for calculating and predicting the 
ASC curves due to its accurate results and its ease of use.  
 

Table 4.7: Shape factor variation with sedimentation for different methods. 

Year 
Based on stage-
capacity curve 

Kaveh et al. (2013) 
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

Mohammadzadeh- 
Habili et al. (2009) 

   % error  % error  % error 
1986 2.77 2.74 1.083 2.40 13.36 2.28 17.70 
2011 3.15 2.985 5.24 2.614 17.02 2.49 20.95 
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CHAPTER 5 

 

Summary of Findings 

MDR was operated in 1986, and no study or survey has been conducted to determine the 
characteristics of sedimentation in its reservoir since that time. In this work, the sedimentation 
characteristics in MDR have been investigated directly by conducting a bathymetric survey and 
collecting sediment samples from the bed of the reservoir (see papers I to V) and indirectly by 
using empirical and semi-empirical approaches (see papers, II, VI and VII). In addition, the 
results of direct methods were used to evaluate those obtained from indirect methods. 

5.1  Direct Assessment 

The two surveys for MDR’s area; one before dam construction and the other in 2011 from the 
bathymetric survey with sediment samples that were collected from the bottom of the reservoir 
were employed and used to assess the sedimentation within its reservoir. Two TIN maps were 
established from these surveys using Arc/GIS software.  

The pre-construction topographic map was converted to a digital elevation map in TIN format. 
The original ASC curves were evaluated based on ASC curves that were developed from the TIN 
map. The evaluation results showed about 4.0% percentage error for stage-storage capacity curve 
and 7.7% for the stage-water surface area curve.  

A bathymetric survey was conducted in 2011 to estimate new storage capacity, develop new 
ASC curves and determine the changes on the bed morphology for MDR. The new storage 
capacity in 2011 at the normal operational level (330 m a.s.l) was 9.967 km3 this indicates that 
1.143 km3 of sediment was deposited in MDR during the last 25 years. This implies that the 
reduction in original storage capacity of MDR was 10.29% with an annual reduction rate of 
0.441%. The new TIN map showed 0.563 km3 and 0.58 km3 of sediment was deposited in both 
live and dead storage zones respectively. That means the live and dead storage zones lost 6.9% 
and 19.66% of their storage capacity due to sedimentation. According to these results, MDR’s 
useful life will be about 127 years based on the completely depletion of the dead storage zone or 
121.5 years based on the reduction 50% of its maximum storage capacity. To ensure prudent 
operation and management of MDR new ASC curves were established based on the 2011 
bathymetric survey. 

The bed morphology and locations of sediment accumulation within the reservoir area were 
studied via two TIN maps. Comparison of the two maps showed that the sedimentation 
magnitude in the upper zone of the reservoir, where the River Tigris enters, was highest and 
gradually reduced toward Mosul Dam site. The annual reduction on water surface area at the 
dead storage level was (1.34 km2.yr-1) that was in the upper part of the reservoir. Maximum 
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deposition thickness within the reservoir was 17.6 m. The thalweg bed slope of the River Tigris 
within the reservoir area changed from 0.65 m.km-1 before dam construction to 0.71 m.km-1 in 
2011 survey. Zones within the middle and lower parts of the reservoir were exposed to erosion, 
which amounted to 9.6 m deep. This is believed to be due to the dissolution of gypsum and 
limestone forming sinkholes that might reach about 20 m in diameter and 9.6 m in depth. 

To study the nature of sediment within MDR, fifty six sediment samples were collected from the 
bed of its reservoir covering most of the reservoir area. The results from the analysis of these 
samples revealed that the sediments were composed of gravel, sand, silt and clay in the ratios 
3.8%, 15%, 55.5% and 25.7% respectively. The distribution area of these sediments indicates 
that the silt portion represents the highest or 77% of the bottom sediment of this reservoir 
followed by clay 13.5% and then sand with gravel 9.5%. However, sand percentages are the 
highest in the northern zone of the reservoir where the River Tigris enters the reservoir and 
decrease gradually towards the dam site. In the meantime, the silt percentage decreases towards 
the dam site whilst the finer fraction (i.e. clay) increases. The samples were classified according 
to Folk’s (1954), and they are mainly: silt (42.86%) followed by mud (19.64%), sand (21%) and 
clay (10.7%) on the gravel, sand and mud triangle whilst on the sand, silt, clay triangle gravelly 
muddy sand is the dominant 16.1%, followed by slightly gravelly muddy sand 5.36% and 5.34% 
divided between gravelly mud, slightly gravelly sandy mud and sandy silt. The statistical results 
indicated that the average median and mean sizes of the sediments are 0.142 mm (2.81 phi) and 
0.0146 mm (6.1 phi) respectively. In addition, the sediments are poorly sorted, nearly 
symmetrical in Skewness and Leptokurtic, very Leptokurtic, to Mesocratic. Finally, it is believed 
that the geometry and hydrodynamics of the Mosul Reservoir, the location of the River Tigris 
entrance together with the side tributary valleys have played the most important role in the 
distribution of sediments and their characteristics. 

5.2  Indirect Assessment  
 
Empirical and semi-empirical approaches were employed for MDR to estimate its useful life, to 
determine the volume of sediment deposited in its reservoir, estimate sedimentation depth at dam 
site and to develop the ASC curves. This will help MDR's operators and managers to know the 
suitable technique to be used. In addition, it gives the future outlook of the reality of the 
reservoir. Three algebraic formulas were used to estimate useful life of MDR based on the 
dominate particle grain size and depleted 50% of storage capacity. The results of these equations 
showed the useful life of MDR is ranging from 122.5 to 132 years. The bathymetric results and 
analytical formulas gave almost similar results (125 years) for useful life. 

Six different empirical methods depending on the residence time principle (water retention time) 
were used to determine TE for MDR for period 1986 to 2011. The methods are; Brune (1953), 
Dendy (1974), Gill (1979), Ward (1980), Heinemann (1981) and Jothiprakash and Garg (2008). 
The monthly operating data for inflow, outflow and water elevations for MDR were used to 
determine monthly TE and long-term TE for the whole period of MDR. Furthermore, monthly 
inflow rate for the River Tigris upstream of MDR, its sediment rating curve and sediment 



59 
 
 

feeding from valleys around MDR were used to estimate the amount of sediment coming to the 
reservoir. The sediment entering the reservoir was 1.199 km3 (1.17684 km3 and 0.02216 km3 for 
the River Tigris and surrounding valleys respectively). The results provided by these methods for 
TE with sediment entering MDR were used to calculate monthly amounts of sediment deposited 
in MDR during this period. The results obtained were evaluated using observed bathymetric 
survey data that was conducted in 2011. The evaluation results showed that, all the mentioned 
methods gave convergent results and were very close to the bathymetric survey results for 
estimation of the volume of sediment deposited especially the method that was proposed by 
Ward (1980) (0.350 % percentage error). Furthermore, the results calculated using monthly TE 
gave a good consensus in comparison with that calculated using long-term TE with percentage 
error ranging between -3.237 to 1.662% for monthly adopted data and -4.549 to -2.450% for 
whole data. 

ASC curves are very important characteristics of reservoirs. Four empirical and semi-empirical 
methods for establishing these curves were evaluated and three of them were modified to predict 
the future changes of ASC curves due to sedimentation. These methods are; the area reduction 
method (Borland and Miller, 1958) and those proposed by Mohammadzadeh-Habili et al. (2009), 
Mohammadzadeh-Habili and Heidarpour (2010) and Kaveh et al. (2013). These approaches were 
reviewed and applied to estimate sedimentation depth at dam site and to determine the ASC 
curves for MDR. The results obtained from these methods were evaluated using observed 2011 
bathymetric survey data. The comparison of the results for establishing the ASC curves showed 
that the method proposed by Kaveh et al. (2013) gave a good consensus with the bathymetric 
results. For maximum water depth at the dam site or sedimentation depth, Mohammadzadeh-
Habili and Heidarpour (2010) and Kaveh et al. (2013) methods were more accurate for 
determining sedimentation depth at the dam site. The percentage errors were 1.06% and 2.125% 
respectively. The Kaveh et al. (2013) method also gave good results for calculating the shape 
factor of the reservoir that was adopted in the area reduction method.  

The last three methods mentioned above had been proposed for determining the ASC curves. In 
this study, these methods were modified to enable them to be used for predicting the changes in 
the ASC curves, based on data from the original and secondary surveys of 11 reservoirs in the 
USA. The results of the reservoirs used showed that the future changes in the reservoir 
coefficients suggested by Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and 
Heidarpour (2010) and Kaveh et al. (2013) depend on the conditions of reservoir sedimentation. 
They change linearly with time and change slightly (increase or decrease) if the conditions of 
reservoir sedimentation are steady. Therefore, this principle was applied to MDR to predict the 
future ASC curves for 50, 75, 100 and 125 years. The curves predicted by these methods showed 
that there was good agreement with the method adopted by the U.S. Bureau of Reclamation (area 
reduction method). It should be mentioned however, that the differences in results between all 
methods decreased as the period of sedimentation increased. Therefore, this linear relationship 
for the reservoir coefficient can be used for the predicting changes of ASC curves using the last 
three methods. 
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CHAPTER 6 

 

Conclusion and Proposed Future Work 
 

6.1  Conclusion 

Sediment trapping behind dams can cause depletion in their storage capacity that might threaten 
the sustainability of the water supply and hydropower generation. Two techniques (direct and 
indirect) were used to evaluate the quantity of sediment deposited in MDR since its operation in 
1986 up to 2011. Two topographic maps in TIN format and analysis sediment samples from the 
bottom were adopted through the direct techniques. The TIN maps were developed from the 
topographic map dated 1983 before the dam construction and the bathymetric survey in 2011. 
These two maps were used to; calculate the amount of deposited sediment, develop and evaluate 
ASC curves, determine the bed morphology and estimate the useful life of MDR whilst the 
sediment sample to verify the type of sediment that was deposited in MDR. Empirical and semi-
empirical approaches were employed to determine the same things for MDR and their results 
were compared with those obtained by direct methods to find out which approach can be adopted 
in the future.  

The bathymetric survey results indicated that the deposition rate was 45.72 ×106 m3.yr-1 where 
23.2×106 m3.yr-1 and 22.52×106 m3.yr-1 were deposited in dead and live storage zones 
respectively. This implies that the annual reduction rate in the storage capacity was 0.411% 
which is less than the 1% worldwide and 1.02 Middle East rates. Sediment deposited within the 
live storage part of the reservoir was 0.563 km3 and 0.58 km3 in dead storage zones, which 
represents 49.25% and 50.75% respectively of the total sediment deposited in the reservoir. Most 
of the sediment was deposited in the upper part of MDR and there were erosion areas within the 
reservoir. The number of these areas increases close to the dam body due to dissolving the 
gypsum and/or limestone beds. According to the bathymetric survey results and algebraic 
equations that were used; the useful life of MDR will be about 125 years if the conditions of 
sedimentation remain constant.  

The indirect approaches gave a good consensus with direct measurements for estimating the 
amount of deposited sediment, determining sedimentation depth at the dam site and establishing 
the ASC curves and useful life estimation of the dam. For the amount of deposited sediment, the 
monthly TE and long term TE based on the water retention time principle were used. All 
techniques gave good results, especially those depending on monthly TE, in particular the 
method proposed by Ward (1980) for the large dams with 0.350% percentage error. Four 
methods were evaluated for estimating sedimentation depth at dam site and for establishing ASC 
curves based on the bathymetric survey results. Kaveh et al. (2013) method gave good agreement 
for ASC curves and sedimentation depth. In addition, three of these methods were modified to 
predict the future changes in the ASC curves or sedimentation characteristics based on the field 
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measurements of 11 reservoirs in the USA. The results of the suggested approach were compared 
with the adopted method giving reasonable results for the prediction of the changes in ASC 
curves. Finally, the indirect approaches that were being used during this study can be applied for 
viewing and monitoring of sedimentation characteristics for MDR in the future. This will help 
the engineers and operators to put prudent strategies in place for management of MDR. 

6.2  Proposed Further Work  

Future work should be focused on: 

 The sediment management strategies increase the useful life of dams and decrease problems 
experienced downstream the dam by mitigating the sediment starvation phenomenon due to 
trapping sediment. Therefore, it is important to check the situations for the big reservoirs in 
Iraq and update their operation curves where there are dams which were built in the 1950s.  

 Sinkholes threaten the safety of Mosul Dam. It is recommended that intensive surveys should 
be conducted within the vicinity of Mosul Dam to locate these sinkholes and treat them. 

 Conducting sediment transport measurements in the River Tigris upstream MDR to update the 
previous sediment rating curve. This is due to the fact that new dams were built in Turkey, 
which might affect sediment transport rates in the river. 

 The physical model of Mosul Dam available at Mosul University should be refurbished to 
conduct useful experiments. A laboratory study was conducted using a physical model of 
MDR to find out the impact of the water level in the reservoir and water discharge in the 
River Tigris on the sediment movement upstream of the reservoir where the Tigris River 
enters the reservoir. 
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Abstract Mosul Dam is one of the biggest hydraulic structures in Iraq. Its storage capacity is 11.11 × 109 m3 at a
maximum operation level of 330 m a.s.l. The dam became operational in 1986 and no survey has been conducted
to determine its storage capacity and establish new operational curves since this date. A topographic map of scale
1:50 000 dated 1983 was converted into triangulated irregular network (TIN) format using the ArcGIS program to
evaluate the operational curves. Then the reservoir was surveyed in 2011 to establish the reduction in its storage
capacity and to develop new operational curves. The results indicated that the reduction in the storage capacity
of the reservoir was 14.73%. This implies that the rate of sedimentation within the reservoir was 45.72 × 106 m3

year-1. These results indicate that most of the sediment was deposited within the upper zone of the reservoir where
the River Tigris enters the reservoir.

Key words bathymetric survey; dam operational curves; reservoir sedimentation; Mosul Dam, Iraq

Sédimentation et nouvelles courbes d’exploitation pour le barrage de Mossoul en Irak
Résumé Le barrage de Mossoul est l’un des plus grands ouvrages hydrauliques de l’Irak. Sa capacité de stockage
est de 11,11 × 109 m3 au niveau maximum d’exploitation (330 m au dessus du nmm). Le barrage a été mis en
service en 1986 et aucune enquête n’avait été menée depuis pour déterminer sa capacité de stockage et établir de
nouvelles courbes d’exploitation. Une carte topographique à l’échelle du 1/50 000 établie en 1983 a été traduite
au format de réseau irrégulier triangulé en utilisant le programme ArcGIS pour évaluer les courbes d’exploitation.
Le réservoir a alors été étudié en 2011 pour mesurer la réduction de sa capacité de stockage et établir de nouvelles
courbes d’exploitation. Les résultats ont indiqué que la capacité de stockage du réservoir avait été réduite de
14,73%., ce qui implique que le taux de sédimentation dans le réservoir avait été de 45,72 × 106 m3 an-1. Les
résultats indiquent que la majeure partie des sédiments a été déposée dans la zone située à l’amont du réservoir, à
l’embouchure du Tigre.

Mots clefs levé bathymétrique; courbes d’exploitation du barrage; sédimentation du réservoir; barrage de Mossoul, Irak

INTRODUCTION

Scarcity of water resources in the Middle East is an
extremely important factor in the political stability of
the region, and an integral element in its economic
development and prosperity (Naff 1993, Al-Ansari
1998, 2005). Future predictions suggest more severe
shortages of water and a reduction in water secu-
rity (Bazzaz 1993, Al-Ansari et al. 1999). Until the
1970s, Iraq was considered an exception relative to
its water-stressed neighbouring countries due to the

presence of the Tigris and Euphrates rivers (Al-Ansari
and Knutsson 2011).

The idea of building dams in Iraq started in
the first half of the twentieth century. Primarily this
was to protect Baghdad, the capital, and other major
cities from flooding. The first big dam (Dokan) was
constructed in 1959 on the Lesser Zab River. Later,
dams were constructed for irrigation and power gen-
eration purposes (Iraqi Parliament 2009). The total
water withdrawal in Iraq in 1990 was about 42.8 km3

year-1 (1357 m3 s-1), which was used for agricultural

© 2013 IAHS Press
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(90%), domestic (4%) and industrial (6%) purposes
(Sadik and Barghouti 1993, Al-Ansari 1998, 2005).
According to the most recent estimates, 85% of the
water withdrawal is used for agricultural purposes
(Al-Ansari 1998, Al-Ansari and Knutsson 2011).
It should be mentioned, however, that safe water
quality supplies reach 100% of the urban areas and
only 54% of rural areas. The purification and distri-
bution of municipal water supplies had deteriorated
after the Gulf War for both water and sanitation sec-
tors (Al-Ansari and Knutsson 2011). In 1977, the
Turkish Government started to utilize the water of the
Tigris and Euphrates rivers through the South-eastern
Anatolia Project (GAP). The project includes 22 mul-
tipurpose dams and 19 hydraulic power plants, which
are to irrigate 17 103 km2 of land, with a total storage
capacity of 100 km3—three times more than the over-
all capacity of Iraqi and Syrian reservoirs (Al-Ansari
and Knutsson 2011). Eight of these dams are to be
constructed on the River Tigris, only three have been
built to date (two in 1997 and one in 1998).

Iraq receives 20.9 km3 year-1 of water from the
Tigris River and, once the Ilisu Dam is constructed,
this is likely to drop to 9.7 km3 year-1, which means
that 47% of the river flow will be depleted (Al-Alaf
2009). This means that 6961 km2 of agricultural land
will be abandoned due to water scarcity (Al-Ansari
and Knutsson 2011). The Iraqi Government real-
ized the process of building dams should be speeded
up due to the huge increase of water demand and
the threat of reducing water flows in the Tigris and
Euphrates by Turkey and Syria. The process stopped
in the 1990s due to the second Gulf War and UN
sanctions and none of the dams were filled to their
maximum storage capacity until the year 2012. The
reduction of flow in the Tigris and Euphrates rivers in
Iraq is considered to be a national crisis, and will have
severe negative consequences on health as well as on
environmental, industrial and economic development
(Al-Ansari and Knutsson 2011).

In view of the situation described above, it
is imperative to manage national water resources
prudently. The Iraqi Government is forced now to
adopt speedy and effective procedures to overcome
the water shortages (Al-Ansari and Knutsson 2011).
Among these procedures is the evaluation of the
actual storage capacities of reservoirs. Despite the
importance of the evaluation of the actual capac-
ity of the existing reservoirs, very little work had
been executed in this context. In Iraq, the only
existing work was carried out in 1987 (Al-Ansari
1987). Similar work was carried out in Jordan after

2003 (Al-Ansari and Al-Alalami 2003, Al-Ansari and
Knutsson 2012). In this research, a pre-construction
topographic map of scale 1: 50 000, dated 1983, was
converted into a digital map in a triangulated irreg-
ular network (TIN) format using ArcGIS. The TIN
map was used to compute the area–storage capacity
curves before the dam operation, in order to evalu-
ate the adopted operating curves that were proposed
by Imatran Voima Osakeyhtio, Consulting Engineers,
Finland (IVO 1968). Then, Mosul Reservoir was sur-
veyed in 2011 to evaluate its existing storage capacity
and to establish new operational curves. It should be
mentioned, however, that the maximum water level
in the reservoir is 330 m a.s.l., while the survey was
conducted when the level was 320 m a.s.l. The dif-
ference in the capacity of the reservoir obtained by
the adopted operating curves and the new survey
conducted in 2011 represent the sediment accumu-
lated within the reservoir between 1986 and 2011.
The two surveys were used to determine the sediment
distribution within the reservoir.

SITE DESCRIPTION

Mosul Dam, which has been built on the Tigris River
in northern Iraq, is one of the biggest hydraulic struc-
tures in Iraq. The dam is located approximately 60 km
northwest of Mosul city and 80 km from the Syrian
and Turkish borders, as shown in Fig. 1. The main
dam is 113 m high, 3650 m long (including its spill-
way), has a 10 m top width and crest level of 341 m
a.s.l (Iraqi Ministry of Water Resources 2012). Mosul
Dam was operating on 24 July 1986. It is a mul-
tipurpose project for irrigation, flood control and
hydropower generation. The majority of the water
entering the reservoir flows from the River Tigris. The
water surface area of the reservoir at the beginning of
the dam operation was 380 km2 with a storage capac-
ity of 11.11 × 109 m3 at the maximum operation level
of 330 m a.s.l., including 8.16 × 109 m3 live storage
and 2.95 × 109 m3 dead storage (Iraqi Ministry of
Water Resources 2012). The length of the reservoir is
about 45 km and its width ranges from 2 to 14 km at
the same operation level. There are 10 main valleys
feeding the reservoir, seven on the left bank and three
on the right bank (Muhammad and Mohamed 2005,
Mohammed et al. 2012). The soils in the bed of the
valleys are mainly silty loam, silty clay loam and clay
(Mohammed et al. 2012).The estimated catchment
area of the River Tigris upstream of Mosul Reservoir
is about 54 900 km2, shared by Turkey, Syria and Iraq
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Fig. 1 Location of Mosul Dam.

Fig. 2 Monthly inflows of Tigris River into the reservoir averaged over the years 1931–2011.

(Swiss Consultants 1979, Saleh 2010), and the catch-
ment area of the valleys surrounding the reservoir is
about 1375 km2 (Muhammad and Mohamed 2005,
Mohammed et al. 2012).

The highest mean monthly discharge occurs
during April and the driest month is gener-
ally September (Fig. 2). The maximum and min-
imum monthly discharges of the River Tigris,
recorded since 1931, were 3514 m3 s-1 in April
1954 and 87.7 m3 s-1 in September 1986, respectively
(Engineering Consulting Bureau 2010). Impounding
of the reservoir started in June 1984, with initial
reservoir filling during the spring of 1985, while the
actual operation of the dam started in 1986. Figure 3
illustrates the inflow–outflow operation in the period
1986–2011.

TOPOGRAPHIC SURVEY OF 1983

A pre-impoundment (1983) 1: 50 000-scale topogra-
phic map, obtained from the Remote Sensing Centre

at Mosul University, Iraq, was used to evaluate the
adopted operating curves and for comparison with the
2011 bathymetric survey. The topographic map was
projected onto a satellite image and georeferenced
to the Universal Transverse Mercator (UTM) projec-
tion, “WGS-1984, Zone 38N” in the ArcInfo pro-
gram of ArcGIS version 9.3 (Environmental Systems
Research Institute, Inc. 2012) (Fig. 4). To check
the accuracy of work done, the map was superim-
posed on the satellite image. It can be seen that
the course of River Tigris and side valleys coincide
(Fig. 4).

Contour lines and spot locations of elevation
(benchmarks and high-water marks) within the reser-
voir area on the map were manually digitized to
compute x, y and z coordinates. Furthermore, stream
path lines representing the River Tigris within the
reservoir area were also digitized using water sur-
face slope and contour lines. The water surface slope
of the River Tigris within the reservoir area at that
time was 0.65 m km-1 (Swiss Consultants 1979, Najib
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Sedimentation and new operational curves for Mosul Dam, Iraq 1459

Fig. 3 Mean inflow and outflow of Mosul Reservoir (1986–2011).

Fig. 4 Projection of the 1983 Mosul Reservoir topographic map onto the 2009 satellite image.

1980). The total number of digitized points within the
reservoir area was 6029 (Fig. 5).

A reservoir Polygon Shapefile (hard clip) around
the reservoir boundary was created from the satel-
lite image using the ArcMap program in ArcGIS
(Fig. 6). This image, representing the reservoir at
320 m a.s.l., was obtained from the Remote Sensing
Centre at Mosul University. The polygon was used
in a TIN development to prevent the interpolation
outside the enclosed area.

All digitized point files from the 1983 map and
the reservoir Polygon Shapefile were used to develop
a TIN for the reservoir area before the construction
of the dam (Fig. 7). The “WGS-1984, Zone 38N”
projection information, linear unit of metre for inter-
polation, and a 0.9996 scale factor were used in this
process.

In addition, the longitudinal bed profile of
the River Tigris within the reservoir area before
impounding was plotted from the topographic map
and the TIN of the 1983 survey using the ArcGIS
software (Fig. 8). When comparing the resulting slope
(0.667 m km-1), its value was found to be very close to
that calculated before the dam was constructed on the
Tigris River (0.65 m km-1) (Swiss Consultants 1979,
Najib 1980).

The TIN of the 1983 survey was used to construct
area–storage capacity curves of Mosul Reservoir for
the pre-impoundment period (Fig. 9). These were
compared with existing operational curves proposed
by IVO. It was found that the percentage difference
was 4.0% for the stage–storage capacity curve and
7.7% for the stage–water surface area curve. This dif-
ference is due to the fact that the operation curves

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

4:
30

 1
8 

Fe
br

ua
ry

 2
01

5 



1460 Issa E. Issa et al.

Fig. 5 Location of digitized points on Mosul Reservoir topographic map.

Fig. 6 Mosul Reservoir polygon (hard clip) at 320 m a.s.l. elevation generated using ArcMap.

Fig. 7 Mosul Reservoir TIN surface model generated from 1983 survey using ArcMap.
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Sedimentation and new operational curves for Mosul Dam, Iraq 1461

Fig. 8 Bed profile of Tigris River from 1983 survey.

Fig. 9 Area–capacity curves for Mosul Reservoir, pre-impoundment.

proposed for the dam by IVO were constructed using
topographic maps dated before 1968, while the map
used in this work was made in 1983.

BATHYMETRIC SURVEY OF MOSUL DAM
RESERVOIR

The methodology and data-processing methods that
were used in the bathymetric survey for Mosul
Reservoir conducted in May 2011 to develop new
area–storage capacity curves and determine the
sediment distribution within the reservoir using echo
sounder sonar viewer and ArcGIS software are as
follows.

Field work

The bathymetric survey of the Mosul Reservoir was
conducted in May 2011 using an echo sounder with
accessories, a Jet Ski boat, a 12v DC echo-sounding
power unit, and a variety of auxiliary equipment.

The data were collected using a 200-kHz single-beam
echo sounder viewer (Sea Charter 480DF; Eagle
Electronics 2003) linked to a real-time kinematic
global positioning system (RTK-GPS) to define the
absolute coordinates (x,y,z) of the reservoir bottom
during the traverses. The bathymetric survey system
software records the (x,y,z) coordinates data in a sonar
chart (∗.slg file format) (Eagle Electronics 2003).

The Mosul Reservoir bathymetric survey was
conducted over 12 days from 15 May to 3 June
2011. The survey was conducted according to US
Army Corps of Engineers standards for distances
between transverse sections, boat types and calibra-
tion (US Army Corps of Engineers 2004). Before the
bathymetric survey could be carried out, installation
and calibration of the echo sounder were performed.
The calibration was performed by a marked rod over
the side of the boat in calm water, according to the
methods described by Eagle Electronics (2003) and
Ferrari and Collins (2006). The error values of water
depth measurements were ±4 cm, depending on the
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water depth within the reservoir. The water temper-
ature during the survey was taken by sea chart echo
sounding. The temperature range was 28–30◦C dur-
ing the whole survey period. Since the temperature
was almost constant, the effect of temperature was
ignored. Transducer face depth (draft) during the sur-
vey was 0.35 m below the water surface. The draft
depth was used to correct the water depth that was
recorded by an echo sounder. The bathymetric sur-
vey was performed in calm water to avoid errors in
water depth measurement due to waves. The water
surface elevations during the survey were recorded at
the hydropower generation station at the dam site, and
at the pumping station of North Al-Jazeera Irrigation
Project in the upper zone of Mosul Reservoir. The ele-
vation readings of between 319.75 and 319.96 m a.s.l.
were used to convert the acoustic depth measurements
to reservoir bottom elevations during data processing.
Figure 10 shows the details of the transect lines during
the bathymetric survey.

Data processing

Depth and boat position data obtained from the
echo sounding survey were in (∗.slg) format. Each
(∗.slg) file was converted to (x,y,z) coordinates (∗.csv)
MS Excel file format by Sonar Log Viewer 2.1.2
(Lowrance 2012). The water depth values in ∗.csv
were adjusted with respect to transducer depth (draft
= 0.35 m). The value of bed-elevation = water
surface elevation – adjusted depth. It should be men-
tioned, however, that, as the survey was conducted
during a calm period, the heights of waves were less
than 10 cm. For this reason, the effect of waves was
neglected. The water surface elevation for each survey

date was used for each data set collected on that date.
A water surface boundary of the reservoir was manu-
ally digitized from satellite image and saved in ∗.csv
to determine the boundary of the reservoir. The ∗.csv
Excel files and Polygon Shapefile were then used to
develop the TIN of the 2011 survey using the same
method as described in Section 3 (Fig. 11).

RESULTS AND DISCUSSION

To ensure prudent operation of Mosul Dam, new oper-
ational curves were established based on the survey
conducted in 2011. The TIN for the 2011 bathymetric
survey (Fig. 11) and operational curves (Fig. 9) were
used to update the area–storage capacity curves for
Mosul Reservoir using ArcGIS (Fig. 12). The new
operation curves of the Mosul Reservoir (based on
the 2011 survey) were compared with those proposed
by IVO. It is evident that there is a shift between
the curves. This is due to the changes in the storage
capacity and water surface area of the reservoir due
to sediment deposition during the operational period
of the dam.

The storage capacity of Mosul Reservoir at pool
elevation of 320 m a.s.l was 7.749 × 109 m3 for the
original operation curve and 6.606×109 m3 for the
2011 survey, giving a difference in storage capacities
of 1.143×109 m3. This represents the total storage
loss due to sediment deposition throughout the opera-
tional period, and represents 14.73% of total storage.
This implies that the annual sedimentation rate is
0.59%, which is less than both the worldwide rate
of 1% proposed by Mahmood (1987) and that of the
Middle East of 1.02% (Basson 2008). In view of
the above, the annual sedimentation rate for Mosul

Fig. 10 Mosul Reservoir bathymetric survey data points.
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Sedimentation and new operational curves for Mosul Dam, Iraq 1463

Fig. 11 Mosul Reservoir TIN surface model generated from 2011 bathymetric survey using ArcMap.

Fig. 12 New area–capacity curves for Mosul Reservoir.

Reservoir during 1986–2011 is calculated as 45.72 ×
106 m3 year-1. This suggests that the reservoir will be
filled completely within 169 years.

Furthermore, using Fig. 12, the live storage
capacity of the reservoir was derived as 4.797×109

m3 in 1986 and 4.234 × 109 m3 in 2011. These results
show that the sediment deposited within the live stor-
age was 0.5657 × 109 m3, which represents 49.5%
of total sediment deposited within the reservoir. This
implies that the live storage capacity was reduced by
11.8% over the period 1986–2011.

To show the sediment distribution within the
reservoir area, the reservoir was divided into three
zones: upper, middle and lower, using ArcMap
(Fig. 13). The divisions were based on the shape of
the reservoir: there are two bends within the gen-
eral shape of the reservoir, and these were used to

designate the borders between these zones. The vol-
ume and percentage of accumulated sediment in the
three reservoir zones were computed by 3D-analyst
tools and are presented in Table 1.

It can be seen from Table 1 that the overall
reduction in the capacity of the reservoir was 14.73%
between the two surveys. The upper zone of the reser-
voir showed the highest reduction in storage capacity
(39%) compared to the middle (10.5%) and lower
(7.17%) zones. This is shown in Fig. 14, and is due to
the fact that the River Tigris enters the reservoir from
the north. Such a sequence is very logical in reservoirs
(Fan and Morris 1992).

It is assumed that the overall capacity of the reser-
voir that had been evaluated from 1983 topographic
maps would be exactly the same value as given by
the designed operation curve of the dam when the
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Fig. 13 Zones of the Mosul Reservoir polygon at 320 m a.s.l. elevation.

Table 1 Storage capacity of Mosul Reservoir at 320 m a.s.l.
for the two surveys..

Location Storage capacity
(m3 × 10-9)

Accumulated
sediment
(m3 × 10-9)

Storage
reduction
(%)

1983 2011

Upper zone 1.538 0.938 0.600 39
Middle zone 2.85 2.55 0.300 10.5
Lower zone 3.361 3.12 0.241 7.17

Total 7.749 6.606 1.143 14.73

water level is at 320 m a.s.l. (Fig. 9). However, it
should be mentioned, that, at lower water levels, there
was a slight deviation of not more than 4%. For
the 2011 survey, the readings of the echo sounder

showed very small deviation from actual depth val-
ues (±4 cm) and the water temperature was more or
less the same during the survey. In addition, the field
survey was conducted during very stable weather con-
ditions when the height of the waves was less than
10 cm due to calm wind.

The results imply that the average rate of
sediment yield in the catchment area upstream of
the Mosul Dam is 780 t km-2 year-1. This rate
is lower than the erosion rates in the region (875
t km-2 year-1) given by Walling and Webb (1996) and
Walling (2009). It is assumed that the construction
of dams in the upper parts of the River Tigris will
trap some of the bed and suspended loads. As a con-
sequence the life span of the Mosul Dam will be
increased.

Fig. 14 Three-dimensional profiles of Mosul Reservoir: 2011 and 1983.
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CONCLUSIONS

Two TIN maps were constructed for Mosul Reservoir
using ArcGIS 9.3 software. The first represents the
year 1983 (before the impounding of the reservoir),
based on the topographic map (printed in 1983) and
the second, the year 2011, based on the bathymetric
survey conducted in 2011 (after 25 years of opera-
tion). The 1983 map was used to evaluate the adopted
operational curves. The results, when comparing the
adopted designed operation curves with that obtained
from the 1983 topographic map, showed that the max-
imum percentage difference was 4.0% for the stage–
storage capacity curve and 7.7% for the stage–water
surface area curve.

New operation curves were established from the
2011 survey. The results showed that the reduction
in the storage capacity of the reservoir was 14.73%
(1.143 × 109 m3). This indicates that the annual
rate of sedimentation within the reservoir was 0.59%
(45.72 × 106 m3 year-1), which is less than the depo-
sitional rates worldwide and in the Middle East. This
implies that the estimated operational age of the dam
is about 169 years. This age will be increased due to
the upstream sediment trapping once all the dams of
the GAP project are constructed. The results showed
that the sediment deposited within the live storage
part of the reservoir was 0.5657 × 109 m3. This
amount represents 49.5% of total sediment delivered
from the catchment area to the reservoir. This implies
that the reduction in live storage capacity was 11.8%.
Most of the sediment was deposited within the upper
zone of the reservoir (0.6 × 109 m3) where the River
Tigris enters the reservoir, and the amount decreases
towards the dam site.
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ABSTRACT 
The sedimentation process is the most important problems that affects directly the performance of reservoirs due to the 
reduction of the storage capacity and possible problems effecting the operation. Thus periodic assessment of the storage 
capacity and determining sediment deposition patterns is an important issue for operation and management of the res- 
ervoirs. In this study, bathymetric survey results and an analytical approach had been used to assess the characteristics 
of sedimentation and estimate the useful life of Mosul Reservoir. It is located on the Tigris River in the north of Iraq. 
The water surface area of its reservoir is 380 km2 with a designed storage capacity of 11.11 km3 at a maximum operat- 
ing level (330 m a.s.l). The dam started operating in 1986. No detailed study was yet carried out to assess its reservoir. 
The present study indicated that the annual reduction rate in the dead and live storage capacities of the reservoir is 
0.786% and 0.276% respectively. The observed results (bathymetric survey) and algebraic formula show approximately 
that the useful life of Mosul dam reservoir is about 125 years. Furthermore, the stage-storage capacity curves for the 
future periods (prediction curves) were established using bathymetric survey data. 
 
Keywords: Bathymetric Survey; Mosul Dam; Reservoir Sedimentation Rate; Useful Life of Reservoir 

1. Introduction 
The decrease and scarcity of water resources in the 
Middle East due to increased demand have negative ef- 
fects on the economic development and prosperity and 
thus affect political stability in the region [1-5]. Until 
1970, Iraq was excluded from the neighboring countries 
that suffer from water scarcity due to the presence of the 
Tigris and Euphrates rivers despite the fact that in mid- 
seventies the Syrian cut the Euphrates water to impound 
some of their reservoirs [4]. The idea of construction of 
irrigation and flood control systems in Iraq were started 
in the first half of the twentieth century by the Board of 
Development created by the Kingdom of Iraq [4]. Pri- 
marily, it was to protect Baghdad, the capital, and other 
major cities from flooding. The 1970 to 1990 was the 
best period of development of Iraq’s water systems. The 
process stopped in the 1990 due to the first Gulf War and 
UN sanctions. In 1977, the Turkish Government started 
to utilize the water of the Tigris and Euphrates Rivers 
through the South-eastern Anatolia Project (GAP). The 

project includes 22 multipurpose dams and 19 hydraulic 
power plants which are to irrigate 17,103 km2 of land 
with a total storage capacity of 100 km3 which is three 
times more than the overall capacity of Iraq and Syrian 
reservoirs [4,5]. Eight of these dams are to be constructed 
on the River Tigris, only three were built (two in 1997 
and one in 1998). The irrigation projects in GAP will 
consume about 22.5 km3 of water per year after com- 
pletion [3-5]. The total irrigated area in Iraq is estimated 
before the Iraq-Iran war and the second Gulf War to be 
around 40,000 km2 which decreased to 27,800 km2 after 
second Gulf War for the Euphrates-Tigris basin [3,4]. 
The reduction of flow in the Tigris and Euphrates Rivers 
in Iraq is considered to be a national crisis and will have 
severe negative consequences on health and on environ- 
mental, industrial and economic development [4,5]. In 
view of the above, the Iraqi Government should work to 
adopt effective procedures to overcome the water short- 
ages. Among these procedures is the assessment the 
sedimentation rate in the reservoirs to determine actual 
storage capacities [4]. Mosul Reservoir is one of the 
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strategic projects and its storage capacity needs to be 
evaluated. The reservoir was operated in 1986 and no 
detailed studies had yet been carried out to know the 
characteristics of sedimentation and determine its useful 
life. 

In the present study, the two topographic maps of 
Mosul reservoir dated 1983 and 2011 in “Triangular 
Irregular Network” (TIN) format were used for the as- 
sessment of sedimentation rate and determining the re- 
duction in the storage capacity for the live and dead 
storages as well as the whole Mosul reservoir during its 
operational period. The two surveys were used to deter- 
mine the future shift in the stage-storage capacity curve 
of reservoir. Furthermore, the observed results and alge- 
braic equation that were proposed by Gill [6] were used 
to determine the life span of Mosul reservoir.   

2. Study Area: Mosul Reservoir 
Mosul dam is one of the most important hydraulic struc- 
tures in Iraq which has been built on the Tigris River, 
north of Iraq. The dam is an earth fill dam, 113 m high, 
3650 m long with its spillway, located 60 km north  
west Mosul city at latitude 36 37'44"N and longitude 
42 49'23"E (Figure 1). The dam is multipurpose and in 
operation on July 7th, 1986 for irrigation, floods control 
and hydropower generation [7]. Mosul dam has a de- 
signed dead storage of 2.95 km3 and live storage of  
8.16 km3; i.e. a total storage capacity of 11.11 km3. The 
maximum, full and dead storage levels of the reservoir 
are 335, 330 and 300 m a.s.l respectively. The shape of 
the reservoir is almost elongated and expands close to the 
dam site. Its length is about 45 km with width ranges 
from 2 to 14 km at the full level with 380 km2 water- 
spread area [7]. The main source of the water and sedi- 
ment entering the reservoir flows from the River Tigris; 
Figure 2 shows the average monthly water inflow and 
outflow of the reservoir during 25 years of its operation. 
Ten seasonal valleys feed the reservoir, 7 from eastern 
side and 3 from the western side. These valleys contrib- 
ute water and sediment during rain events that are less  

than 2% [8-11]. The catchment area of the River Tigris 
estimated above Mosul dam is about 54,900 km2 shared 
by Turkey, Syria and Iraq [12,13] and the catchment area 
of the valleys surrounding the reservoir is about 1375 
km2 [14,10]. 

3. Data Availability 
The hydrographic survey is a direct measurement and 
most accurate technique to determine the total volume of 
the sediment deposited in the reservoirs, sedimentation 
pattern and bottom profile in the reservoirs and lakes. The 
recent advances in Global Positioning System (GPS), 
echo sounding survey technique and computer programs 
caused a significant reduction in the efforts, time and cost 
of the collecting and analyzing survey data [15-17]. The 
1986 and 2011 topographic maps in TIN format for Mo- 
sul reservoir area were used to evaluate the sedimentation 
rate. These maps were provided by Issa et al. [18] (Figure 
3). The TIN maps were used to compute the storage ca- 
pacity and water-spread area for live storage and dead 
storage zones using Arc/GIS software (Table 1). The re- 
duction in storage capacity of the reservoir for the two 
surveys at different times represents the total volume of 
sediment accumulated in it [17]. Therefore, the above 
results were used to compute the volume of sediment de- 
posited and the reduction in the water-spread area for the 
reservoir during 25 year of operating (Table 1).

4. Results and Discussion 
The reservoirs are built to achieve certain purposes, e.g. 
irrigation, hydropower generation, flood control, naviga- 
tional, urban water supply, etc. Reservoir sedimentation 
and consequent loss of storage capacity affects directly 
the future performance of reservoirs. Consequently, it is 
of prime importance to monitor the rate of sedimentation 
and the changes in the capacity of the reservoir. To 
achieve a real situation of the storage volume of water 
within Mosul reservoir it is important to know the fol- 
lowing: 

 

 
Figure 1. Location of Mosul Dam. 
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Figure 2. Monthly mean inflow and outflow of the Mosul reservoir for 1986-2011. 

 

 
Figure 3. TIN maps of Mosul reservoir. 

 
Table 1. Storage capacity and water-spread area of Mosul reservoir for two surveys. 

Storage capacity (S.C) Water-spread area (W.S.A) 
Storage  

capacity in Survey 1986 
km3 

Survey 2011 
km3  

Difference in S.C 
km3 

% Reduction in 
S.C 

Survey 1986 
km2 

Survey 2011 
km2  

Difference in 
W.S.A km2 

% Reduction in 
W.S.A 

Live zone 8.16 7.597 0.563 6.9 380 363.5 16.5 4.34 

Dead zone 2.95 2.37 0.58 19.66 170 136.54 33.46 19.7 

Reservoir 11.11 9.967 1.143 10.29 380 363.5 16.5 4.34 

 
4.1. Useful Life of Reservoir 

The useful life or design life is a period that the sediment 
deposited does not affect the economic feasibility and 
sustainability of water resources demand. In general, 
useful life of the reservoir is the time period when the 
reservoirs depleted 50% of its storage capacity or the 
dead storage is completely filled with sediment [6,19]. 

In the present study, the useful life for Mosul reservoir 
was computed using algebraic equations that were pro- 
posed by Gill [6]. The equations represent the relation- 
ship between initial storage capacity of reservoir, water 
and sediment inflow into the reservoir and specific 
weight of sediment deposited as shown in the following 
equations. 

For coarse grained sediment 

5o

L

o

C
0.4935 0.3 10

I IT IG 0.00436
C

            (1) 

Medium sediment 

o
L

CIT 0.008 0.51
G I

          (2) 

Fine sediment 

3o

o
2L

5

o

C I0.51328 0.133 10
I CIT

G I0.153 10 0.018167
C

  (3) 
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where, Co is the initial storage capacity of reservoir; TL is 
the useful life when the initial capacity reduce to half; I is 
the annual water inflow; G is the weight of annual sedi-
ment inflow; and r' is the specific weight of sediment 
deposited which was computed depending on the Lane 
and Koelzer empirical formula presented in 1953 [15,20]. 

The results of the above approach are presented in the 
Table 2. Furthermore, the bathymetric survey results 
(Table 1) were used for estimating the useful life based 
on the depleted dead storage and 50% loss of the initial 
storage capacity of the reservoir (Table 2). In such a case, 
the depositional conditions are assumed to be constant 
during the life of the dam. The observed results obtained 
from bathymetric survey and analytical approach were 
similar. Accordingly, it is possible to assume that the 
useful life for Mosul reservoir is approximately 125 year.  

4.2. Sedimentation Rate and Pattern 
According to the observed results (Table 1) the annual 
reduction rate in the storage capacity of the reservoir is 

45.72 × 106 m3·year 1 which is divided into 23.2 × 106 
and 22.52 × 106 m3·year 1 for dead and live zones respec- 
tively. This implies that the annual loss of storage capac- 
ity within the dead and live zones is 0.787% and 0.276% 
respectively. Furthermore the annual loss in water-spread 
area of reservoir at dead storage elevation (300 m a.s.l) 
zone is 1.34 km2 (Figure 4). Figure 4 shows the maxi- 
mum loss in water-spread area (water surface area) at the 
dead storage level in the northern part of the reservoir 
where the River Tigris enters the reservoir at this part. 
That means the most of sediment deposited in that area. 
This sequence is very logical in reservoirs [21]. 

The sedimentation in the reservoir caused a shift in the 
stage-storage capacity curve. The bathymetric survey re- 
sults were used to compute the sedimentation rate for 
different water levels of reservoir that was used to predict 
the storage capacities at these levels for 50, 75, 100 and 
125 years, all values are tabulated in Table 3.  

The results in the above table were used to construct 
the stage-storage displacement curve during operation of 
the Mosul reservoir (Figure 5). 

 

 
Figure 4. Boundary of water-spread area at dead storage elevation for two surveys calculated using Arc/GIS program. 
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Figure 5. Stage-storage capacity curves for Mosul reservoir. 

 
Table 2. Useful life of Mosul reservoir (year). 

2011 Bathymetric survey Gill approach [6] 

Based on depleted dead storage Based on 50% reduction in S.C Coarse Sediment Medium Sediment Fine sediment

127 121.5 122.5 127 132 
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Table 3. Observed and predicted (expected) storage capacity of Mosul reservoir at different elevation. 

Storage capacity km3 at years 
Water elevation Initial

1986
Bathymetric survey 

2011
Sediment deposited during 25 

years of operation Km3
50 75 100 125 

250 0 0 0 0 0 0 0 

260 0.045 0.0137 0.0313 0 0 0 0 

270 0.35 0.141 0.209 0 0 0 0 

280 0.75 0.497 0.253 0.244 0 0 0 

290 1.6 1.229 0.371 0.858 0.487 0.116 0 

300 3.01 2.37 0.64 1.73 1.09 0.45 0 

310 5 4.062 0.938 3.124 2.186 1.248 0.498 

320 7.749 6.606 1.143 5.463 4.32 3.177 2.262 

330 11.11 9.967 1.143 8.824 7.681 6.538 5.623 

 
5. Summary and Conclusion 
Reservoir sedimentation and consequent loss of storage 
capacity affect directly water availability and project 
operation. In the present study, two topographic plans in 
TIN format of 1986 and 2011surveys were used for the 
assessment of reservoir sedimentation in live and dead 
storage zones. The results showed that the annual reduc- 
tion in the dead and live storage capacities were 0.787% 
and 0.276% respectively. The water-spread area of the 
reservoir at dead storage level reduces annually by 1.34 
km2 (0.79%). Furthermore, stage-storage capacity curves 
for future periods 50, 75, 100 and 125 years were elabo- 
rated using the sedimentation rate on that elevation. The 
bathymetric results and analytical formulas gave almost 
similar results (125 year) for useful life storage of the 
reservoir. 
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ABSTRACT 
Mosul dam is one of the biggest hydraulic structures in Iraq. It was constructed on the Tigris River in 
the north of Iraq for multiple purposes: irrigation, flood control and power generation. The initial 
storage capacity and water surface area of its reservoir reach 11.11 km3 and 380 km2 respectively at 
the maximum operation level 330 m.a.s.l. The dam was operated in 1986. Since that time no survey 
has been conducted to determining the characteristics of sedimentation in the reservoir. Blockage of 
the intakes of the pump station for North Al-Jazira Irrigation Project in Mosul dam reservoir has 
highlighted the importance of sedimentation problems within the reservoir.  
Sediment distribution was studied within the reservoir. A comparison was made between the 
conditions at the start of the dam operation and a recent bathymetric survey conducted in 2011.The 
former was achieved using a topographic map scale 1: 50000 dated 1983 which was converted to a 
triangular irregular network (TIN) format using the Arc/GIS program. The results of the bathymetric 
survey were also converted to the TIN map format using the above program. Comparison of the two 
maps shows that the sedimentation magnitude in the upper zone of the reservoir, where the River 
Tigris enters, was highest and gradually reduced toward Mosul dam site. Maximum deposition 
thickness within the reservoir was 17.6 m. The thalweg bed slope of the River Tigris within reservoir 
area changed from 0.65 m.km-1 before dam construction to 0.71 m.km-1 on the 2011 survey. Zones 
within the middle and lower parts of the reservoir were exposed to erosion which amounted to 9.6 m 
deep. 
 
Key words: Mosul dam, Reservoir bottom morphology, Iraq, Reservoirs sedimentation, 
Bathymetric survey. 
 
1. Introduction 

The dams are usually constructed for the development and management of water resources 
such as water storage, hydropower generation, flood control, navigational, municipal water 
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supply and environmental purposes. Impounding water after construction of the dam will 
form a reservoir upstream from the dam site and changes the flow regime of the river due to 
backwater flow effects. Subsequently, sediments are deposited. Coarse particles, such as 
gravel and coarse sand, are the first to settle forming a delta (topset) at the point where the 
back water effect ends. The second zones are foreset beds which are the advancing face of the 
delta deposit in the reservoir. The foreset beds are different from the topset beds by an 
increase of the slope and the decrease in their grain size. Fine sediment particles enter the 
reservoir and are transported by turbid density currents or non-stratified flow forming 
bottomset beds. The bottomset beds are typically deposited beyond the delta near the dam 
away from the inflow point (Grade and Ranga Raju, 1985; Morris and Fan, 1998). The 
pattern of sediment deposition depends on factors, such as the quantity of moving sediment 
and stream flow, the nature and physical properties of the sediment and the operations mode 
of the reservoir (USBR, 1987).  

Accumulation of sediment within the reservoirs directly affects the operation of hydraulic 
structures. Therefore, the study of sediment distribution within reservoirs is of major 
importance for the designers and planners of hydraulic structures and those interested in 
flushing of reservoirs. There are several techniques to study the sediment distribution within 
the reservoir, but the analysis of bathymetric survey can provides a direct method for 
determining both sediment distributions and bed profile (Morris and Fan, 1998; Ferrari and 
Collins, 2006). 

The Mosul Dam is one of the most important and strategic projects in Iraq. It is a 
multipurpose project. One of its functions is to provide water at a rate of 48 m3.s-1 for a huge 
irrigation project known as “North Al-Jazira Irrigation project” that covers an area of 625 
km2. This station is located in the upper zone of Mosul reservoir dam. In 1991 and 2005, the 
station stopped for several days due to sediment accumulated at the inlets (Mohammed, 2001; 
ECB, 2010). Furthermore, no bathymetric survey was been conducted since the dam 
operation in 1986.  Simple study was conducted on the sediment distribution on the bed of 
the reservoir by Al-Taiee (2005). In view of the above, a bathymetric survey was conducted 
using an echo sounder sonar viewer to develop a new topographic map for the reservoir in 
TIN format and a pre-construction topographic map converted to a digital map in the TIN 
format using the Arc/GIS program that was used for comparison purposes with the new 
bathymetric map constructed in 2011. 

2. Study Area 

The Mosul dam is one of the biggest hydraulic structures in Iraq was built on the Tigris 
River in the north of Iraq approximately 60 km northwest Mosul city (Fig.1). The dam is an 
earth fill dam was operated on July 7th, 1986 for multipurpose irrigation, flood control and 
hydropower generation (Iraqi Ministry of Water Resources, 2012). The main dam is 113 m 
high, 3650 m long with its spillway, 10 m top width and the crest level is 341m.a.s.l. The 
water surface area of its reservoir is 380 km2 with a storage capacity of 11.11 km3 at 
maximum operation level 330 m.a.s.l including 8.16 km3 live storage and 2.95 km3 dead 
storage (Iraqi Ministry of Water Resources, 2012). The main source of the water and 
sediment entering the reservoir flows from the River Tigris. Ten seasonal valleys feeding the 
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reservoir, 7 from eastern side and 3 from the western side. These valleys contribute water and 
sediment during rain events that are less than 2% (Muhammad and Hbdul-Baki, 2005; Ezz-
Aldeen et al., 2012 a,b,c and 2013). The catchment area of the River Tigris estimated above 
the Mosul dam is about 54900 km2 shared by Turkey, Syria and Iraq (Swiss Consultants, 
1979; Saleh, 2010; Al-Ansari and Knutsson, 2011). The reservoir area is composed of 
alternating beds of limestone, marls and gypsum (Al-Ansari et al., 1984; Al-Sinjari, 2007).  
 

 
Fig. 1 Location of Mosul Dam 

3. Methods 
3.1 1983 survey 

A pre-impoundment topographic map scale 1: 50000 with contour interval 5 m dated 1983 
was used for comparison with bathymetric survey. The map was obtained from the Remote 
Sensing Center at Mosul University. This map was used to establish digital topographic map 
in TIN format using Arc/GIS software. The topographic map was scanned and projected onto 
a satellite image and georeferenced to the Universal Transverse Mercator (UTM) projection, 
“WGS-1984, Zone 38N” using Arc/GIS software (ESRI, 2012) (Fig. 2).  

 

 

Fig. 2 Projection of Mosul reservoir1983 topographic map on the 2009 satellite image 
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To check the accuracy of work done, the map was superimposed on the satellite image. It 
was noticed that the courses of the River Tigris and the side valleys were 98% coinciding on 
the two maps (Fig. 2). 
Contour lines and spot locations of elevation (benchmarks and high water marks) within the 
reservoir area on the map were manually digitized to compute (x,y,z) data. Furthermore, 
stream path lines representing the River Tigris within the reservoir area were also digitized. 
The River Tigris digitization within reservoir area was carried out depending on contour lines 
on the map and the 0.65 m.km-1 water surface slope of River Tigris at that time (Swiss 
Consultants, 1979; Najib, 1980). The total number of the digitized points was 6029 within the 
reservoir area (Fig. 3) 

.  

Fig. 3 Location of digitized points on Mosul reservoir topographic map 

All digitized points from the 1983 map were used to develop a TIN for the reservoir area 
before the construction of the dam by Arc/map program (Fig. 4). 
  

 

Fig. 4 Mosul reservoir a TIN surface model generated using 1983 topographic map 

3.2  Bathymetric survey 

This section presents the methodology and data processing methods that were used in the 
bathymetric survey for Mosul reservoir. The survey was conducted in May 2011 using an 
echo sounder sonar viewer and the Arc/GIS software to develop a new topographic map for 
determining the sediment distribution within the reservoir.  



Journal of Advanced Science and Engineering Research Vol 3, No 2 June (2013) 86-95 
 

90 
 

3.2.1  Equipment and survey procedures  

The bathymetric survey of the Mosul reservoir was conducted using an echo sounder with 
accessories, a Jet Ski boat, (12v DC) echo sounding power unit and a variety of auxiliary 
equipment. The data were collected using “200-kHz single-beam echo sounder sonar viewer 
type Sea Charter 480DF” linked to a global positioning system (GPS/WAAS;) which were 
working together to define the absolute x, y, z coordinates of the reservoir bottom during the 
traverses. The GPS receivers monitor the horizontal position of the survey boat while the 
echo sounder measured water depth (Eagle Electronics, 2003).  

The bathymetric survey was conducted over 12 days starting on May 15th and ending on 
June 3rd, 2011. The survey was conducted according to U.S. Army Corps of Engineers 
standards for distances between transverse sections, boat types and calibration (USACE, 
2004). Installation and Calibration of the echo sounder was performed before the bathymetric 
survey.  

The calibration was performed by a marked rod (bar check calibration) over the side of the 
boat in calm water according to the methods described in Eagle Electronics (2003) and 
Ferrari and Collins (2006). The error values of water depth measurements were ±4 cm when 
water depth ranging 0.5-50 m within the reservoir. The water temperature during the survey 
ranged from 28-30 °C during the whole survey period. Since the temperature was almost 
constant, then the effect of temperature on sound velocity was neglected. Transducers face 
depth (draft) during the survey was 0.35 m below the water surface. The draft depth was used 
to correct the water depth recorded by an echo sounder. The bathymetric survey was 
performed in calm water to avoid the errors in water depth measurement due to waves. The 
water surface elevations during the survey were recorded at the hydropower generation 
station at the dam site and at the pumping station of North Al-Jazira project in the upper zone 
of Mosul Reservoir. The recorded readings were between 319.75 and 319.96 m.a.s.l. These 
elevations were used to convert the acoustic depth measurements to reservoir bottom 
elevations during data processing. Figure 5 shows the details of the transect lines during the 
bathymetric survey. 

 

 

Fig. 5 Boat path of bathymetric survey for Mosul reservoir 
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3.2.2 Data Processing 

The echo sounding survey system produces data files in (*slg) format containing acoustic 
data and GPS data in a Universal Transverse Mercator (UTM) system.  Each (*slg) file was 
converted to (x,y,z ) (*csv) excel file format by the Sonar Viewer 2.1.2 program. The water 
depth values in (*csv) file was adjusted with respect to transducer depth.The value of bed-
elevation = water surface elevation – adjusted depth. The water surface elevation for each 
survey date was used for each data set collected on that date.  It should be mentioned 
however, that the survey was conducted during calm period where the wave’s heights were 
less than 10 cm. For this reason the effect of waves on the water depth measurement was 
neglected.  The bathymetric survey data were used to develop the TIN of the 2011 survey 
using the same previous method as used in 1983 survey (Fig. 6).  

 

 

Fig. 6 Mosul reservoir a TIN surface model generated using 2011 bathymetric survey 

4. Results and Discussion 

To illustrate the sediment distribution within the Mosul reservoir, longitudinal profiles 
were plotted along the thalweg of River Tigris within the reservoir area for both the 1983 and 
2011 surveys (Fig. 7).  
 

 

Fig. 7 Comparison of thalweg longitudinal profiles for two surveys 1983 and 2011 
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The longitudinal profiles were established using 1983 topographic map, satellite image 
and TINs of the two survey figures (4 and 6). The difference between the 1983 survey and 
2011 survey represents the sediment deposited into the reservoir during this period. These 
longitudinal profiles represent the deepest part of the reservoir bottom along the central 
portion for 1983 survey. The drawing shows that the greatest volume of sediment was 
deposited within the upper zone of the reservoir where the River Tigris enters the reservoir. 
The overall bed slope changed from 0.65 m.km-1 to 0.71 m.km-1. 

In addition to this, the reservoir area was divided by the Arc/map program into three 
zones; upper, middle and lower zones to show the sedimentation rates within each (Fig. 8). 
These divisions were based on the shape of the reservoir. The two bends within the general 
shape of the reservoir were used to designate the borders between these zones. 

 

 

Fig. 8 The Zones of the Mosul reservoir polygon 

The storage capacities for these zones for each of the two surveys were computed by 
Arc/GIS software and then sedimentation rate were computed (Table 1).  This table indicates 
that the sedimentation rate was relatively high in the area where the River Tigris enters the 
reservoir. Generally, rate of sedimentation gradually diminishes toward Mosul dam. This 
sequence is very logical in reservoirs (Fan and Morris, 1992). 

Table 1 Storage capacity and sedimentation rate of all zones for Mosul reservoir dam for two 
surveys. 

Location Storage Capacity 
[km3] at 1986 

Storage Capacity 
[km3] at 2011 

Accumulated  
sediment [km3] 

Sedimentation rate 
[km3 yr-1] 

Upper zone 1.538 0.938 0.600 0.024 
Middle zone 2.85 2.55 0.300 0.012 

Lower zone 3.361 3.12 0.241 0.00964 

Total 7.749 6.606 1.143 0.04572 

To show the changes in the reservoir bottom morphology with time due to erosion and 
sedimentation processes, a TINs difference command within Arc/map program was used to 
develop an erosion and sedimentation map for reservoir (Fig. 9). The TIN difference map 
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shows that the maximum deposition took place in the upper zone was 17.6 m. This pattern is 
very logical for this is where the River Tigris transports 99.79 % of the sediments entering 
the reservoir while 0.21 % of the sediment are contributed from the side valleys (Ezz-Aldeen 
et al., 2012 a,b,c and 2013). 

 
 

Fig. 9 Differences between two TINs for survey 2011 and 1983 of Mosul reservoir 
 

The map highlights the areas of erosion, deposition and unchanged areas. Generally, 
erosional areas are restricted mainly in the middle and lower zones of the reservoir where the 
maximum depth was 9.6 m. They are believed to represent sinkholes and gypsum dissolved 
areas (Tamplin and McGee 2005; Kelley et al., 2007; Wakeley et al., 2007). Some of these 
sinkholes are about 15 m in diameter and more 15 m in depth (WII/BV, 2005).  In addition, 
flash flood from side valleys during rainy seasons can cause some erosion in places and 
deposition in other places when it enters the reservoir. In the upper zone of the reservoir, the 
erosional areas are mainly confined near the shore due to wave erosion or dissolved gypsum.  
Field observation and data in figure 9 indicates that it is due to the huge accumulation of 
sediment in the northern and middle parts of the reservoir in that area converting the main 
flow to the south causing erosion near the banks. As previously stated, most of the sediment 
are deposited in the upper zone of the reservoir and at the confluences of the side tributaries 
(Fig. 9). In addition, deep areas are also characterized by accumulation of thick sediment. 

Conclusion  

Bathymetric surveys are the direct method for assessment of the sediment distribution 
within the reservoir. In this study the bathymetric survey was conducted using echo sounder 
sonar viewer. Two triangular irregular networks were established from the 2011 bathymetric 
survey and 1983 topographic map. After 25 years of the dam operation following; the 
thalweg bed slope of the River Tigris was changed from 0.65 m.km-1 before dam construction 
to 0.71 m.km-1 during the 2011 survey. The sedimentation rate in the upper section of the 
reservoir where the River Tigris enters the reservoir was greatest and gradually decreased 
toward the Mosul dam site. The greatest deposition thickness was 17.6 m in the upper zone of 
the reservoir. Furthermore, there are many areas in the middle and lower zones of the 
reservoir that are exposed to erosion. This is believed to be due to the dissolution of gypsum 
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and limestones forming sinkholes that might reach about 20 m in diameter and 9.6 m in 
depth. 
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Evaluation and Modification of Some Empirical and Semi-1

empirical Approaches for Prediction of Area-Storage Capacity 2

Curves in Reservoirs of Dams 3
Issa E. Issa1, Nadhir Al-Ansari2, Govand Sherwany 3 and Sven Knutsson44

Abstract: The storage capacity of reservoirs is gradually reduced due to sediment accumulation that 5

causes changes in the area-storage capacity (ASC) curves. Establishing these curves and predicting 6

their future change is an important issue for planners, designers and operators of dams. Many 7

empirical and semi-empirical approaches have been suggested for establishing and predicting these 8

curves. In this study four empirical and semi-empirical methods were evaluated and three of them 9

were modified to predict the future changes on ASC curves due to sedimentation, based on the survey 10

data for 11 reservoirs in the USA. For evaluation these approaches were reviewed and used to 11

determine the ASC curves for the Mosul dam reservoir (MDR), which is the biggest hydraulic 12

structure on the River Tigris in northern Iraq. MDR started operating in 1986 with a storage capacity 13

of 11.11 km3 and a water surface area 380 km2 at normal operation stage (330 m a.s.l.). The results 14

obtained from these methods were evaluated using observed bathymetric survey data that had been 15

collected in 2011 after 25 years of the operation of the dam. 16
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The evaluation results showed three methods presented more accurate results for estimating water 29

depth or sedimentation depth at dam site with percentage error about 1.06% to 3.295%.  Furthermore, 30

ASC and sedimentation depths at dam site of MDR for periods 50, 75, 100 and 125 years were 31

estimated using modification approach. The results of the modified methods provided reasonable 32

agreement when compared with the area reduction method proposed by the U.S. Bureau of 33

Reclamation and the agreement became better with the increase time period. 34

Keywords: Area-capacity curves; Reservoir sedimentation; Area reduction method; Mosul dam. 35

Introduction 36

    Construction of dams across rivers for the development and management of water resources causes 37

changes in sediment transport regime that will lead to sediment accumulation in their reservoirs 38

(Garde and Raju, 1985; Morris and Fan, 1998; Jain and Singh, 2003; Garde, 2006). Reservoir 39

sedimentation is the main problem that directly affects the performance of dams due to the reduction 40

in their storage capacity. The distribution of the sediment deposited in reservoirs mainly depends on 41

several factors, but the most important are the grain size composition of the sediment inflow, amount 42

of sediment coming, the reservoir geometry and its age, the locations of the bottom outlets and the 43

reservoir operation mode (Annandale, 1987; Morris and Fan, 1998; Garde, 2006). The deposition of 44

sediment in a reservoir causes changes in its ASC curves (or stage-area curve and stage-storage 45

capacity curve) (U.S. Bureau of Reclamation, 1987; Morris and Fan, 1998; Mohammadzadeh-Habili et 46

al., 2009). These curves are very important for planners, designers and operators of dams and are 47

regarded as one of the most important physical characteristics of dams and their reservoirs. The ASC 48

curves are commonly used to determine the storage capacity and water surface area of the reservoir at 49

a given water elevation as well as to support flood routing, reservoir classification and operation 50

(Borland and Miller, 1958; Strand and Pemberton, 1982; Morris and Fan, 1998). Determination and 51

future prediction of these curves is an important issue for; estimating the sedimentation depth at a dam 52

site, determining the useful life of the dam (reservoir active storage capacity), designing the bottom 53

outlet elevation, determining the effect of backwater conditions on the flood level upstream of a 54

reservoir and assessing changes in the reservoir storage capacity with time of dam operation. 55
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    The complexity of sediment transport and the deposition of sediment in a reservoir has led to 56

development of numerous techniques to predict sediment distribution in the reservoirs. These 57

techniques can be classified as theoretical and empirical or semi-empirical approaches. Theoretical or 58

analytical methods are based on numerical solution of water and sediment continuity equations and  59

momentum or stream power and sediment transport equations using computer packages such as HEC-60

6 (U.S. Army Corps of Engineers, 1993) and Gstars3 (Yang and Simões, 2002). Empirical and semi-61

empirical methods have been developed using the sedimentation survey data collected for reservoirs. 62

The most commonly used empirical methods are “the area reduction” and “the area increment”63

methods that were developed by the U.S. Bureau of Reclamation using resurvey data for 30 reservoirs 64

in the United States (Morris and Fan, 1998). The latter techniques are the most widely applied, 65

because they are relatively easy and quick to use and they require limited data. But their limitations 66

include their inability to identify the depth and location of the sedimentation (Annandale, 1984; Morris 67

and Fan, 1998) whilst the theoretical models require calibration and are costly sometimes.  68

    In this study four different empirical and semi-empirical methods were evaluated. These methods 69

are; the area reduction method proposed by Borland and Miller (1958) that has been adopted by the 70

U.S. Bureau of Reclamation and the methods reported by Mohammadzadeh-Habili et al. (2009), 71

Mohammadzadeh-Habili and Heidarpour (2010) and Kaveh et al. (2013). The methods were reviewed 72

and applied to determine the ASC curves and maximum water depth or sediment deposited depth at 73

dam site for the MDR. The results provided by these methods were compared with bathymetric survey 74

data that were collected in 2011 after 25 year of operating MDR (Issa et al., 2013). Furthermore, the 75

last three methods that were mentioned before were modified to predict future changes in ASC curves 76

due to sedimentation, based on the survey data for 11 reservoirs in the USA. Thus, the main objectives 77

of this study were: evaluating these methods with reference to the bathymetric survey for determining 78

ASC curves and maximum sediment depth at dam site. In addition, the last three methods were 79

modified and applied to predict future changes in ASC curves for MDR for periods 50, 75, 100, 125 80

years and were compared with area reduction method. This can help decision makers, planners and 81

designers, to use these methods to determine the ASC curves for reservoirs that were used to estimate 82

their useful life. Moreover, this help to put prudent strategies for Iraqi water resources problems 83
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because Iraq is facing serious water shortage now due to climate changes and increasing demand 84

(Droogers et al. 2012; Al-Ansari, 2013; Issa et al., 2014) and MDR is the biggest and the most 85

important strategic project in Iraq. Therefore, it is very important to know which technique is suitable 86

to adopt for MDR in the future. 87

The empirical and semi-empirical methods employed in the study 88

     Empirical and semi-empirical techniques are used to determine the amount of sediment deposited 89

in a reservoir as a function of water depth or stage (or to determine ASC curves). These methods are 90

widely used for engineering purposes. Consequently, large numbers of empirical methods have been 91

reported (e.g. Borland and Miller, 1958; Borland, 1970; Szechowycz and Qureshi, 1973; Croley et al., 92

1978; Garde et al., 1978; Chien, 1982; Annandale 1984; Rahmanian and Banihashemi, 2011), but the 93

most commonly used is the area reduction method that was developed and adopted by the U.S. Bureau 94

of Reclamation (Morris and Fan, 1998). The first empirical method was developed by Borland and 95

Miller (1958) referred to as “area increment method”. This method assumed that the reduction on 96

water surface area at any depth above the new zero depth is constant, meaning that an equal amount of 97

sediment will be deposited in each depth increment of the reservoir (Borland and Miller, 1958; Strand 98

and Pemberton, 1982). The following methods were used in this study: 99

The area reduction method 100

    The area reduction method is the most commonly used method for predicting the impact of 101

sediment deposition in a reservoir or the change in the ASC curves with reservoir sedimentation. The 102

method was proposed by Borland and Miller (1958) based on analysis of sedimentation data for 30 103

reservoirs in the USA. This technique is based on the adjustment of the water surface area above zero 104

depth to a new area due to sedimentation that reflects the relationship between reduction in water 105

surface area and sedimentation rate and reservoir characteristics. Reservoirs are classified into four 106

categories based on the shape factor of the reservoir “ ” (Table 1). The shape factor represents the 107

reciprocal slope of the straight line for the relationship of reservoir depth at the dam site as the Y-axis 108

against the storage capacity as the X-axis presented as a logarithmic scale plot (Borland and Miller, 109
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1958; Mohammadzadeh-Habili et al., 2009; Mohammadzadeh-Habili and Heidarpour, 2010; Kaveh et 110

al. 2013).  111

Table 1. Reservoirs classification according shape factor “ ” (Borland and Miller, 1958).112

     The area reduction method involves four different sedimentation pattern curves that were 113

developed from the resurvey data assembled for 30 reservoirs (Fig. 1). These curves are dimensionless 114

and are used to determine the change in the ASC curves due to sedimentation. This technique is 115

usually used when the sedimentation rate and characteristics of the reservoir are available (for more 116

details see Strand and Pemberton, 1982; 1987). 117

Fig. 1. Type curves of reservoirs for area reduction method (modified Strand and Pemberton, 1987). 118

The Mohammadzadeh-Habili semi-empirical method 119

Mohammadzadeh-Habili et al. (2009) proposed a dimensionless equation for the relationship 120

between water depth and storage capacity using the similarity between the natural logarithmic function 121

curve and the stage-storage capacity curve. This equation depends on only one unknown 122

dimensionless parameter called the reservoir coefficient “ ” as follows: 123

………………….………….……………………………..……………. (1) 124

where is reservoir capacity at depth , is reservoir capacity at maximum pool level, is the 125

water depth above the streambed at the dam site and is the maximum water depth at the dam site. 126

The water surface area and reservoir coefficient equations were derived from equation (1) as follows: 127

………………….………………………………  (2)128

………………………………………………………………………..………….. (3) 129

where  is reservoir water surface area at depth , and is the water surface area of reservoir at 130

maximum pool level. 131

    The equations obtained were compared with the resurvey data for 16 reservoirs. The comparison of 132

the results demonstrated good agreement, especially with reservoirs that had smoothed stage-storage 133

capacity curve (Mohammadzadeh-Habili et al., 2009). Furthermore, the results were used to develop 134

an empirical relationship between the reservoir shape factor“ ” and its coefficient (Eq. 4).  135



6

…………………………………………………….………………….………. (4) 136

    In 2010 Mohammadzadeh-Habili and Heidarpour modified the reservoir coefficient equation (Eq. 3) 137

based on the original and secondary ASC curves of 40 resurveyed reservoirs in United States as: 138

……………………………………………………… (5) 139

where is the modified  reservoir coefficient and is the reservoir coefficient obtained  using 140

minimization of the sum of squares of the errors of the original normalized water depth-capacity 141

curve and curve from equation (3).  142

The Kaveh et al. (2013) method  143

     A parabolic equation is used to represent the general form of the relationship between storage 144

capacity and depth which can be expressed as follows: 145

……………………………………………………………….…………...… (6) 146

where are the coefficients that are usually computed using the ACAP computer program adopted 147

by the U.S. Bureau of Reclamation (U.S. Bureau of Reclamation, 1985; Ferrari, and Collins, 2006). 148

Kaveh et al. (2013) differentiated the simple dimensionless capacity equation using a parabolic 149

equation for reservoir capacity. Kaveh’s equation depends on one reservoir coefficient parameter as: 150

…………………………………………………………………….……... (7)  151

where is the reservoir coefficient proposed by Kaveh et al. (2013). 152

    The water surface area equation for a reservoir at different elevations and the reservoir coefficient 153

equation were obtained as a derivative of the above equation (7) as follows: 154

……..………………………………………………….…………………. (8) 155

……………………………………………………………………………….... (9) 156

In addition Kaveh et al. (2013) derived a relationship between the reservoir coefficient and the shape 157

factor based on the above equations, which is: 158

………………………………………….…………………………………………. (10) 159
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    It should be noted here, the three approaches suggested by Mohammadzadeh-Habili et al. (2009), 160

Mohammadzadeh-Habili and Heidarpour (2010) and Kaveh et al. (2013) that are described above 161

mainly depend on the dimensionless parameters (  or  in their calculation which are called 162

reservoir coefficients. These coefficients depend on the dimensionless relationship between the ratio of 163

volume and ratio of water depth at dam site (  as stated in equations 1 and 7 for  and 164

 respectively. These coefficients depend on the sedimentation condition. Therefore, reservoir 165

coefficient value changes with time depending on these conditions too. It should be mentioned 166

however, that last three mentioned methods did not take into consideration future variation in this 167

relationship or reservoir coefficient in response to sedimentation. 168

The Mosul dam and available data 169

    The MDR is one of the most important strategic projects in Iraq for the management of its water 170

resources. The project was constructed on the Tigris River in the north of Iraq, located 60 km north 171

west of Mosul city at latitude  36°37'44"N and longitude 42°49'23"E (Iraqi Ministry of Water 172

Resources, 2012) (Fig. 2). The dam is a multipurpose project and it started operating on July 7th, 1986 173

to provide water for three irrigation projects, flood control and hydropower generation. One of its 174

functions is provide water for an irrigation project known as “North Al-Jazira Irrigation project” that 175

covers an area of 625 km2. The pumping station for this project is located in the upper zone of Mosul 176

dam reservoir. In 1991 and 2005, the station stopped for several days due to sediment accumulation at 177

its inlets (Iraqi Ministry of Water Resources, 2012).  178

Fig. 2. The location of the Mosul dam. 179

    The dam is an earth filled dam, 113 m high and 3650 m long including its spillway. The maximum, 180

normal and dead storage levels of the reservoir are 335, 330 and 300 m a.s.l respectively. The dam was 181

designed to impound 11.11 km3 of water at normal operation level, including 8.16 and 2.95 km3 of live 182

storage and dead storage respectively. The shape of the reservoir is elongated where the River Tigris 183

enters the upper zone and broadens close to the dam site. Its length is about 45 km, with width ranging 184

from 2 to 14 km at the normal level and a water surface area of 380 km2 (Iraqi Ministry of Water 185

Resources, 2012) (Fig. 2). The River Tigris provides the main source of the water and sediment 186

entering the reservoir. The catchment area of the River Tigris above the Mosul dam site is about 187
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56,275 km2 shared by Turkey, Syria and Iraq (Swiss Consultants, 1979; Saleh, 2010). A bathymetric 188

survey of the MDR was conducted in 2011 after 25 years of dam operation (Issa et al., 2013). The 189

survey results showed that 1.143 km3 of sediment had accumulated over the period 1986-2011. This 190

represents an annual sediment deposition rate of 45.72 × 106 m3.yr-1. As a result, the reservoir lost 191

10.29% of its storage capacity during this period (Issa et al., 2013). The survey results were also used 192

to construct ASC capacity curves (Fig. 3). The results indicated that the water depth below the normal 193

operation level at the dam site was 83 m in 1986 and with sedimentation it became about 80 m in 194

2011. This suggests 3.0 m of sediment accumulated near the dam during the operational period of the 195

project (Issa et al., 2013). 196

Fig. 3. Area-storage capacity curves for the MDR. 197

Methodology and techniques used 198

    All the methods employed assumed that the river behavior and the reservoir’s sedimentation 199

characteristics will remain constant in the future i.e. no change on the operation mode and 200

sedimentation conditions with time (Morris and Fan, 1998, Mohammadzadeh-Habili and Heidarpour, 201

2010). Therefore the average sedimentation rate for MDR (45.72 × 106 m3.yr-1 during the past 25 202

years) was assumed to be constant in the future  and it was used to calculate the amount of sediment 203

deposited within 50, 75, 100, and 125 years. Furthermore, the banks of reservoir at maximum 204

elevation were assumed stable (no sliding and wave erosion) and that the water stage in the reservoir 205

does not exceed the maximum operation level so that the water surface area at this level will be 206

constant with time (Mohammadzadeh-Habili and Heidarpour, 2010). 207

    The four methods described above were firstly applied to the MDR to generate ASC curves for the 208

reservoir after 25 years of dam operation. To apply the area reduction method, the first step 209

necessitated selecting the type of reservoir or type of sediment deposition pattern. This process 210

depends on the shape factor, the mode of operating the reservoir and the predominant grain size of the 211

sediment deposited (Morris and Fan, 1998). This information was used to select the appropriate 212

empirical curve that was used to predict the sediment distribution within the reservoir. The data for 213

MDR showed that the shape factor was 2.77, based on the slope of the original depth-capacity curve 214

on log-log paper. Its mode of operation is classified as moderate drawdown and the predominant grain 215
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sizes of the sediment deposited was mainly silt, sand and clay (Al-Ansari et al., 2013). According to 216

these data, the MDR can be designated as type II, which represents the Flood plain–foothill reservoir 217

type (Table 1). To confirm the type of curve, the existing depth-capacity curves produced for two 218

previous surveys were plotted on the curves that were proposed by Borland and Miller (1958) for the 219

empirical area reduction method (Fig. 1). The empirical curve type II was used to develop a stage-220

capacity curve and stage-area curve for 25 years (Figures 4 and 5). Also the area reduction method 221

was applied to predict the variation in those curves with sedimentation over 50, 75, 100, and 125 years 222

of dam operation (Figures 6 and 7). The method was also used to estimate the maximum water depth 223

at dam site for the same periods (Table 2). 224

Fig. 4. Stage-storage capacity curves for the MDR for 25 year of dam operation. (Habili et al. is 225

Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour)226

Fig. 5. Stage-area curves for the MDR for 25 year of dam operation. (Habili et al. is Mohammadzadeh-Habili 227

et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour)228

Fig. 6. Stage-storage capacity prediction curves for the MDR for periods 50, 75, 100, 125 years of 229

operation. (Habili et al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and 230

Heidarpour)231

Fig. 7. Stage-area prediction curves for the MDR for periods 50, 75, 100, 125 years of operation. 232

(Habili et al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour)233

     In addition to the above, the methods proposed by Mohammadzadeh-Habili et al. (2009), 234

Mohammadzadeh-Habili and Heidarpour (2010) and Kaveh et al. (2013) were used to determine ASC 235

curves and maximum water depth at dam site using sedimentation survey data for MDR as follow: 236

1. The dimensionless relationship of depth-capacity curve of MDR for 1986 and 2011 surveys were 237

used to calculate its reservoir coefficients (  and ) that were employed by Mohammadzadeh-238

Habili et al. (2009) and Kaveh et al. (2013) respectively (Table 2).  239

2. The storage capacity for different elevations for MDR were computed using equations 1 and 7 based on its 240

reservoir coefficients that were computed from dimensionless relationship of its original depth-storage 241

capacity curve.242
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3. Equations 2 and 8 were used to compute the water surface area for the same elevations using the 243

same reservoir coefficients. 244

4. These results obtained from the above steps were used to construct the stage-storage capacity 245

(Fig. 4) and stage-area curves (Fig. 5).  246

5. Equations  3, 5 and 9 were used to determine water depth at the dam site for the methods of 247

Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili and Heidarpour (2010) and 248

Kaveh et al. (2013) respectively (Table 2). 249

Table 2. Variation of maximum water depth at dam site with sedimentation. 250

   The last three methods suggested by Mohammadzadeh-Habili et al. (2009), Mohammadzadeh-Habili 251

and Heidarpour (2010) and Kaveh et al. (2013) as mentioned in the previous section depend mainly on 252

reservoir coefficients in their calculations. The methods did not take into consideration future variation 253

of this coefficient with sedimentation during the determination of the ASC curves. Therefore, the 254

methods were modified in this study to predict the future changes in ASC curves using the original 255

and secondary surveys data for 11 reservoirs in USA.  The details and the characteristics of these 256

reservoirs are tabulated in Table 3. The dams of these reservoirs are classified as “large dam”257

according to the International Committee on Large Dams (ICOLD) classification (Morris and Fan, 258

1998). Accordingly, MDR falls within the same category. The data in table 3 for the original and 259

secondary surveys were used to compute the reservoir coefficients and  using equations 3 and 9 260

that were proposed by Mohammadzadeh-Habili et al. (2009), and Kaveh et al. (2013) respectively. 261

    The results of field data surveys for the selected reservoirs (Table 3) indicated that there is small 262

variation of their reservoir coefficients (  and ) with time in general. This implies that there is a 263

small change in the conditions of the reservoir sedimentation with time. In addition, it was also noticed 264

that the Angostura and Nambe Falls dams had big variation in the first value of reservoir coefficient. 265

This might to the nature of sedimentation, the shape of these reservoirs and operation conditions. The 266

reservoir coefficient, might increase or decrease depending on the changes of sedimentation 267

conditions. Furthermore, the result showed that there is a linear relationship between the reservoir 268

coefficient (both  or  and time with the correlation coefficients R2 ranging from 0.65 to 0.995 269

(Figures 8 and 9). 270
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Table 3. Original and secondary characteristics of the studied reservoirs. 271

Fig. 8. Variation coefficient of reservoir  with time according to Mohammadzadeh-Habili et al. 272

(2009). 273

Fig. 9. Variation coefficient of reservoir  with time according to Kaveh et al. (2010). 274

    The calculated coefficients for MDR for the last surveys (1986 and 2011) were extrapolated to 275

compute their future values of  and  for 50, 75, 100, 125 years based on the linear relationship of 276

reservoir coefficient variation with time that was obtained from the resurveys data from 11 existing 277

reservoirs (Table 2). These coefficients were used to compute the maximum water depth at the dam 278

site by applying equations 3, 5, 9 for the methods of Mohammadzadeh-Habili et al. (2009), 279

Mohammadzadeh-Habili and Heidarpour (2010) and Kaveh et al. (2013) respectively (Table 2). In 280

addition, equations 1 and 7 were used to compute the storage capacity for different elevations using 281

these coefficients. Equations 2 and 8 were used to compute the water surface area for the same 282

elevations and same coefficients. These results were used to construct the stage-storage capacity and 283

stage-area curves for sedimentation periods of different lengths (Figures 6 and 7). 284

Results and discussion 285

    The four methods described in the previous sections were evaluated by testing them against the 286

bathymetric survey data for the MDR obtained by a bathymetric survey conducted in 2011. The 287

percentage errors for the maximum water depth at the dam site for all methods based on the 288

bathymetric survey results are tabulated in Table 2. For estimating maximum water depth at the dam 289

site, the last three methods gave good results with error ranging between 1.062 to 3.295% but that of290

Mohammadzadeh-Habili and Heidapour (2010) method gave very close results to those obtained by 291

the bathymetric survey. The other methods however, predicted water depth less than that provided by 292

the bathymetric survey. This implies that the deposition depth predicted by these methods is greater 293

than that represented by the actual sedimentation rate at the dam site. This might be due to the fact that 294

most of the sediment was deposited within the upper part of the reservoir because the MDR has an 295

elongated shape and the river Tigris enters the reservoir in its upper part. This is very normal in 296

reservoirs (Vanoni, et al., 2006). 297
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    The stage-storage capacity curves for 25 year (Fig. 4) show that the Kaveh et al. (2013) method 298

provided results that were in close agreement with the actual survey data, when compared to other 299

methods. The results showed that all methods converge and produce good agreement with the survey 300

data at elevations up to 318 m a.s.l (Fig. 4). Also the results provided by the Kaveh et al. (2013) 301

method were the closest to the 2011 survey for the stage-water surface area curve (Fig. 5). The results 302

of the ASC curves for 50, 75, 100 and 125 years (Figures 6 and 7) showed that the modified methods 303

using a linear relationship principle to determine the reservoir coefficient produced results in close 304

agreement with those provided by the method adopted by the U.S. Bureau of Reclamation (U.S. 305

Bureau of Reclamation, 1987) (area reduction method) and the agreement became even better when 306

time increased. The modification approach can be used if the sedimentation conditions and reservoir 307

operation mode in last period remain constant.  The changing in reservoir coefficient reflects the 308

variations of the conditions of reservoir sedimentation. The survey data for 11 reservoirs indicated that 309

the change of reservoir coefficient with time will be very small if the variation of reservoir 310

sedimentation conditions is small and in such a case, even the average value can be used for this 311

purpose. 312

    The reservoir shape factor changes with time due to the change in the stage-capacity curve caused 313

by sedimentation. This factor was computed via the slope of the depth-capacity curve for the surveys 314

of 1986 and 2011 according to the method proposed by Borland and Miller (1958) (Table 4). It was 315

also computed using the relationships proposed by Mohammadzadeh-Habili et al. (2009) Kaveh et al. 316

(2013) using equations 4 and 10 respectively (Table 4). The results of these two methods showed that 317

Kaveh et al. (2013) method gave more accurate results with percentage errors of 1.08% and 5.24% for 318

the 1986 and 2011 surveys respectively (Table 4). According to the above results the method proposed 319

by Kaveh et al. (2013) is considered a good approach for computing and predicting the ASC curves 320

due to its accurate results and it is easy in use and . 321

Table 4. Shape factor variation with sedimentation for different methods 322

Conclusion323

    ASC curves are very important characteristics of reservoirs. Four empirical and semi-empirical 324

methods for deriving these curves were reviewed and applied to the MDR. These methods include the 325
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area reduction method (Borland and Miller, 1958) and those proposed by Mohammadzadeh-Habili et 326

al. (2009), Mohammadzadeh-Habili and Heidarpour (2010) and Kaveh et al. (2013). The results were 327

compared with those obtained using the bathymetric survey conducted in 2011 after 25 years of 328

operating MDR. The comparison of the results for establishing the ASC curves showed that the 329

method proposed by Kaveh et al. (2013) gave good agreement with bathymetric results. For maximum 330

water depth at the dam site or sedimentation depth the Mohammadzadeh-Habili and Heidarpour 331

(2010) and Kaveh et al. (2010) methods were more accurate for determining sedimentation depth at 332

the dam site. The percentage errors were 1.06% and 2.125% respectively. The methods also gave a 333

good result for computing shape factor of reservoir that was adopted in the area reduction method. 334

      The last three methods (Mohammadzadeh-Habili et al., 2009; Mohammadzadeh-Habili and 335

Heidarpour, 2010 and Kaveh et al., 2013) had been proposed for determining the ASC curves. In this 336

study these methods were modified to enable them to be used for predicting the changes in the ASC 337

curves, based on data from the original and secondary surveys of 11 reservoirs in the USA. The results 338

of the reservoirs used showed that reservoir coefficients suggested by Mohammadzadeh-Habili et al. 339

(2009) and Kaveh et al. (2013) depends on the conditions of reservoir sedimentation. They change 340

linearly and slightly (increase or decrease) with time if the conditions of reservoir sedimentation are 341

steady. Therefore, this principle was applied to the MDR to predict the future ASC curves for 50, 75, 342

100 and 125 years. The curves predicted by these methods showed that there is good agreement with 343

the method adopted by the U.S. Bureau of Reclamation (area reduction method). It should be 344

mentioned however, that the differences in results between all methods decreased as the period of 345

sedimentation increased. Therefore, the principle of linear changed for reservoir coefficient can be 346

used for the prediction changing on the ASC curves using the last three methods. In case there are 347

more survey data for large reservoirs available in future, this will definitely improve this work. 348
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Table 1. Reservoirs classification according shape factor “ ” (Borland and Miller, 1958).
Type of reservoir Classification Shape factor 

I Lake 3.5 – 4.5
II Flood Plain–Foot hill 2.5 – 3.5
III Hill 1.5 – 2.5
IV Gorge or normally empty 1.0 – 1.5

Table 2. Variation of maximum water depth at dam site with sedimentation 

Year of 
dam

operation 

According 
to Survey 

(2011) 
Kaveh et al. (2013) Mohammadzadeh- 

Habili et al. (2009) 
Mohammadzadeh- 

Habili and Heidapour (2010) 
Area reduction 

method 

(m) (m) %
error (m) %

error (m) %
error (m) % error 

0 83 0.73 __ __ 0.51 __ __ 0.51 __ __ __ __ 
25 80 0.67 78.30 2.125 0.47 77.364 3.295 0.47 80.85 -1.062 71.42 10.725 
50 77 0.61 76.134 1.125 0.43 74.863 2.775 0.43 78.24 -1.610 63.6 17.403 
75 74 0.55 73.50 0.676 0.39 71.85 2.905 0.39 75.10 -1.486 54.4 26.486 
100 71 0.49 70.23 1.099 0.35 68.15 4.014 0.35 71.22 -0.310 46.5 34.507 
125 68 0.43 66.03 2.891 0.31 63.50 6.634 0.31 66.35 2.460 38.2 43.853 

% average  
of error 1.563 3.757 -1.398 24.635 



Table 3. Original and secondary characteristics of the studied reservoirs 

Dam
Year of 

sedimentation 
survey 

Max. 
depth 

Area 

(106m2)

Capacity 

(106m3)
Reference of data 

Angostura

1949 40.56 23.46 268.529 0.391 0.564 

0.645
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1965 26.853 23.46 242.035 0.533 0.768 
1982 25.329 23.46 231.983 0.541 0.781 
2004 23.805 23.46 222.466 0.552 0.797 

Belle 
Fourche

1903 23.30 32.415 258.09 0.474 0.683 
0.771

Mohammadzadeh-
Habili and 

Heidarpour (2010) 
1949 21.346 32.537 237.673 0.474 0.684 
2006 19.812 32.537 213.236 0.459 0.662 

Caballo

1938 23.47 46.668 427.693 0.541 0.781 

0.826
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1981 20.422 46.668 408.912 0.595 0.858 
1999 20.422 46.668 402.944 0.586 0.846 
2007 18.898 46.668 400.8 0.630 0.909 

Gibson

1929 54.556 5.492 129.343 0.598 0.863 

0.894
U.S. Bureau of 
Reclamation 

(2009) 

1973 53.035 5.245 122.197 0.609 0.879 
1996 50.902 5.245 119.003 0.618 0.891 
2009 50.899 5.398 121.729 0.614 0.886 

Glendo
1957 49.378 95.789 1418.213 0.416 0.600 

0.995
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1972 49.378 95.789 1415.819 0.415 0.599 
2003 48.128 95.789 1376.301 0.414 0.597 

Guernsey
1927 28.956 9.733 91.043 0.448 0.646 

0.962
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1947 21.336 9.656 60.626 0.408 0.589 
1957 19.812 9.64 55.26 0.401 0.579 

Harry 
Strunk

1949 32.888 23.391 246.616 0.444 0.641 

0.845
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1951 30.45 25.111 243.604 0.442 0.637 
1962 29.535 23.265 240.322 0.485 0.699 
1981 27.554 23.407 239.394 0.515 0.742 
2006 27.066 23.407 238.087 0.521 0.752 

Heron
1972 71.81 24.88 531 0.412 0.596 

0.66
U.S. Bureau of 
Reclamation 

(2010) 
1984 67.96 24.88 530 0.439 0.627 
2010 67.296 24.88 528.38 0.437 0.631 

Keyhole
1952 34.351 83.855 784.396 0.378 0.545 

0.979
Mohammadzadeh-

Habili and 
Heidarpour (2010) 

1978 33.132 83.855 775.124 0.387 0.558 
2003 31.638 83.855 768.855 0.402 0.580 

Nambe 
Falls

1976 43.523 0.299 3.574 0.381 0.549 
0.974

U.S. Bureau of 
Reclamation 

(2013) 
2004 30.41 0.299 3.444 0.525 0.758 
2013 24.075 0.299 3.208 0.618 0.891 

Swanson 
Lake

1953 28.558 40.631 446.288 0.533 0.769 
0.702

U.S. Bureau of 
Reclamation 

(2011) 
1982 25.327 40.611 436.687 0.589 0.849 
2011 25.327 40.611 434.208 0.585 0.844 

Table 4. Shape factor variation with sedimentation for different methods 

Year Borland and Miller (1958) Kaveh et al. (2013) Mohammadzadeh- 
Habili et al. (2009) 

% error % error 
1986 2.77 2.74 1.083 2.28 17.70 
2011 3.15 2.985 5.24 2.49 20.95 
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484

Fig. 1. Type curves of reservoirs for area reduction method (modified Strand and Pemberton, 485

1987).486

487

488

Fig. 2. The location of the Mosul dam. 489
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491

492

Fig. 3. Area-storage capacity curves for the MDR. 493

494

495

Fig. 4. Stage-storage capacity curves for the MDR for 25 year of dam operation. (Habili et al. is 496

Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour)497
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499

Fig. 5. Stage-area curves for the MDR for 25 year of dam operation. (Habili et al. is 500

Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and Heidarpour)501
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Fig. 6. Stage-storage capacity prediction curves for the MDR for periods 50, 75, 100, 125 513

years of operation. (Habili et al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-514

Habili and Heidarpour) 515
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528

Fig. 7. Stage-area prediction curves for the MDR for periods 50, 75, 100, 125 years of 529

operation. (Habili et al. is Mohammadzadeh-Habili et al. and Habili and Heidarpour is Mohammadzadeh-Habili and 530

Heidarpour) 531

532

533

Fig. 8. Variation coefficient of reservoir  with time according to Mohammadzadeh-Habili et 534

al. (2009). 535
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536

Fig. 9. Variation coefficient of reservoir  with time according to Kaveh et al. (2010). 537
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Monitoring and Evaluating the Sedimentation Process Using trap 1

efficiency approaches 2
3

Issa E. Issa1, Nadhir Al-Ansari2, Sven Knutsson3 and Govand Sherwany44

Abstract: The reservoirs are usually exposed to sediment accumulation problems that will lead to 5

reduction in their storage capacity. This problem directly affects the performance of the dams and 6

causes shortage of their useful life. To estimate the sediment deposition rate, there are many empirical 7

and semi-empirical methods that have been developed using the sedimentation survey data. The 8

simplest technique is using sediment rating curve with sediment trapping efficiency (TE) of the 9

reservoir. TE is an expression or index reflects the ability of reservoir to impound the sediment that is 10

usually used for estimating the amount of sediment deposited, sedimentation rate and useful life of the 11

dam. Many empirical and semi-empirical approaches have been suggested for to determine this term 12

depending on the annual inflow rate, reservoir characteristics and features of the catchments area. In 13

this study six different empirical methods depending on the residence time principle (water retention 14

time) were used. These approaches were reviewed and applied to determine TE of Mosul dam 15

reservoir (MDR) for period 1986 to 2011. MDR is the biggest hydraulic structure on the River Tigris 16

in northern Iraq and started operating in 1986 with a storage capacity of 11.11 km3 and a water surface 17

area of 380 km2 at normal operation stage (330 m above sea level). 18
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The monthly operating data for inflow, outflow and water elevations for MDR were used to determine 30

monthly TE and long-term TE for whole period of MDR using the mentioned methods. Furthermore, 31

the monthly inflow rate for River Tigris upstream MDR, its sediment rating curve and sediment 32

feeding from valleys around MDR were used to estimate the amount sediment coming to the reservoir. 33

The results provided by these methods for TE with sediment coming to MDR were used to compute 34

the amount of sediment deposited in MDR on monthly bases during this period. The results obtained 35

were evaluated using observed bathymetric survey data that had been collected in 2011 after 25 years 36

of the operation of the dam. The results showed all the mentioned methods gave convergent results   37

and they were very close to the bathymetric survey results for estimating the volume of sediment 38

deposited especially that proposed by Ward (1980) which gave 0.368% percentage error.  39

Furthermore, the result computed using monthly TE gave good agreement if compared with that long-40

term TE where the percentage error was ranging between -3.229 to 1.674% for monthly adopted data 41

and -4.862 to -2.477% for whole period data. It is believed that this work will help others to use this 42

procedure on other reservoirs. 43

Keywords: Losing storage capacity; Mosul dam; Reservoir sedimentation; Sediment trap efficiency. 44

1- Introduction 45

Dams are designed to serve several aspects such as water storage for irrigation, flood control, 46

domestic uses and recreational purposes as well as   hydropower generation (Morris and Fan, 1998; 47

Jain and Singh, 2003; Garde, 2006). Generally, the total water storage of reservoirs in the world has 48

been mentioned by various sources. One such reported forms about 5% of total runoff (Yang, 2003) 49

whilst others said the global gross storage capacity till 2004 was 6000 km3 (Sumi, et al., 2004; 50

Basson, 2008; Annandale, 2013). Regardless of the purpose, reservoirs formed after dam 51

construction causes changes in flow regime (or sediment transport regime) which decrease their 52

storage capacity (Garde and Raju, 1985; Morris and Fan, 1998; Jain and Singh, 2003; Garde, 2006). 53

Reservoir sedimentation is a major problem affecting directly the performance of dams and their 54

useful life due to the reduction in the storage capacity of their reservoirs. Thus, the global loss rate or 55



sedimentation rate of the reservoirs is around 1% of their storage capacity due to sedimentation 56

(Yang, 2003; Basson, 2008). Therefore, to ensure prudent management and operation of the dams it 57

is necessary to estimate the quantity of sediment deposited in their reservoirs. Sediment movement 58

and deposition is a complicated phenomenon that can be affected by multiple hydraulic and 59

hydrological factors. The dominant factors that influence the sedimentation process are sediment 60

properties, water and sediment incoming to the reservoir, the reservoir characteristics and the mode 61

of operating the reservoir (Annandale, 1987; Morris and Fan, 1998; Garde, 2006).  62

The complexity of sediment transport and the deposition of sediment in a reservoir led to develop a 63

numerous techniques to predict sediment distribution in reservoirs. These techniques can be divided 64

as direct and indirect methods but the last techniques can be classified into theoretical and empirical 65

or semi-empirical approaches. The empirical relationships are most commonly used than theoretical 66

for determining the deposition rate or the reduction in the storage capacity of the reservoir because 67

these techniques are developed depending on the field data. In addition, the empirical methods are 68

relatively easier and quicker to be used and they require limited data. Furthermore, the theoretical 69

approaches or models are hard to be calibrated (Morris and Fan, 1998). Therefore, many empirical 70

and semi-empirical methods have been developed using the sedimentation survey data collected for 71

reservoirs. The simplest technique is the one where sediment rating curve with trap efficiency (TE) 72

of the reservoir are used to estimate the sediment deposition rate. The TE is an important term that is 73

used to estimate the amount of sediment deposited, sedimentation rate and useful life of the dam. It is 74

an expression or index that reflects the ability of reservoir to impound the sediment. Many empirical 75

methods were developed to determine this term depending on the annual inflow rate, reservoir 76

characteristics and features of the catchments area (Smith, 1990; Maneux, et al., 2001). 77

  In this study six different empirical methods were reviewed and applied to determine monthly TE of 78

Mosul dam reservoir (MDR) for period 1986 to 2011. These methods depend on the residence time 79

principle (water retention time) that are reported by; Brune (1953), Dendy (1974), Gill (1979), Ward 80

(1980), Heinemann (1981) and Jothiprakash and Garg (2008) (hereafter referred to as Brune, Dendy, 81

Gill, Ward, Heinemann and Jothiprakash and Garg, respectively). The monthly operation data for 82

inflow, outflow and water elevations for MDR were used to determine monthly TE using the 83



mentioned methods. Furthermore, the monthly inflow rate for River Tigris upstream MDR, its 84

sediment rating curve and sediment feeding from valleys around MDR were also used to estimate the 85

amount sediment entering the reservoir. The results provided by these methods for TE with sediment 86

entering MDR were used to compute monthly amount of sediment deposited during the studied period. 87

In addition, to the above TE of MDR for the whole period of its operation were computed using the 88

same technique to find out the time of dam operating. These results were compared with bathymetric 89

survey data that were collected in 2011 after 25 year of operating Mosul dam (Issa, et al., 2013). Thus, 90

the specific aims of this study were evaluating these methods with reference to the bathymetric survey 91

for determining the amount of sediment deposited during this period and to monitor the sedimentation 92

process in MDR which is the biggest and the most important strategic projects in Iraq.  93

This project provides water for three irrigation projects that cover an area about 2500 km2 (Al-Ansari, 94

2013). This study can help decision makers and planners to put prudent planning for Iraqi water 95

resources problems especially Iraq is recently   facing serious water shortage problems   due to climate 96

changes and increasing demand (Droogers, et al., 2012; Al-Ansari, 2013; Issa, et al., 2014: Al-Ansari, 97

et al., 2014 &2015) where, the annual reduction of the water inflow for the Tigris and Euphrates 98

Rivers before entering Iraqi territory is 0.1335 km3.yr-1 and 0.245 km3.yr-1 respectively (Issa, et al., 99

2014). In view of the foregoing, it is very important to know which technique is most suitable to adopt 100

for MDR in the future to determine its actual storage capacities and rate of reduction of storage 101

capacity. 102

2- Methods used to estimate trap efficiency 103

TE of sediment is an expression or indicator for the ability of reservoir to impound sediment and 104

reflects the characteristic of reservoir to trapping or collecting the sediment. It plays an important role 105

on estimating the fraction of sediment deposited within the reservoirs, determining the useful life of 106

the dam (reservoir active storage capacity), and assessing changes in the reservoir storage capacity 107

with time of dam operation (Smith, 1990; Maneux, et al., 2001). Therefore, it is very important 108

parameter for planners, designers and operators of   dams (Heinemann, 1981; Yang, 1996; Morris and 109



Fan, 1998; Garde, 2006; Jothiprakash and Garg, 2008). TE of sediment is the index of the portion of 110

the deposited sediment in   reservoirs to the total inflowing sediment which is usually expressed in 111

percentage (Verstraeten and Poesen, 2001; Jothiprakash and Garg, 2008; Garg and Jothiprakash, 2008) 112

and can be expressed as:- 113

…………………………………………(1)114

The sediment TE is a function of many factors from flow conditions in the river and reservoir, 115

sediment amount and properties, geometry of reservoir and its age, location of spillway, location and 116

depth of outlets and operation mode of reservoir (Garde and Raju, 1985; Morris and Fan, 1998; 117

Espinosa-Villegas and Schnoor, 2009). The complexity of sedimentation process led to the 118

development of many approaches for determining the TE within the reservoirs. Some of them are 119

direct while others are indirect. The former uses bathymetric survey and sedimentology data and the 120

latter uses hydrological data and reservoir features (Espinosa-Villegas and Schnoor, 2009; Lewis, et 121

al., 2013). Historically, several methods for calculating TE were developed but the most commonly 122

are the empirical methods that were developed based on survey data for some reservoirs. All these 123

methods were established based on three principles. These are; reservoir storage capacity and 124

catchment area relationship that were suggested by Brown (1944), sedimentation index of reservoir 125

(ratio of water retention time to the mean velocity in the reservoir) proposed by Churchill (1948) and 126

hydraulic residence time principle (or inflow storage capacity ratio) by Brune (1953). All empirical 127

methods had been taken in their account the capacity of reservoir, annual inflow rate, feature of 128

catchment area and reservoir geometry (Morris and Fan, 1998; Espinosa-Villegas and Schnoor, 2009). 129

These methods are widely used for engineering purposes. Consequently, large numbers of empirical 130

methods have been reported, but the most commonly are: 131

The method proposed by Brown (1944) is the first empirical curve representing the relationship 132

between the capacity of reservoir (C) and catchment area upstream the dam (A). The method is 133

expressed by the general equation (Gill, 1979) as:  134

………………………………………………………..…………….(2)135



where C in acre-feet, A in square miles and K is factor depends on retention time and particle size of 136

sediment which varies between 0.046, 0.1 and 1 for fine, medium and coarse sediment respectively 137

(Gill, 1979; USACE, 1989). This method is used for catchment area that has one dam. Churchill 138

(1948), developed a concept of sediment release efficiency and proposed a relationship for this based 139

on sedimentation index and total load of incoming sediment (fig. 1). The curve integrates both water 140

residence time and flow velocity to calculate a “sedimentation index” for the reservoir. The method is 141

suitable to estimate release efficiency of sediment for reservoir continuously sluiced such as stilling 142

basin, small reservoirs and flood controlling structures (Morris and Fan, 1998; Jothiprakash and Garg, 143

2008).  144

Figure 1. Churchill’s (1948) release efficiency curve (Morris and Fan, 1998)145

   The above two methods were based on the reservoir capacity, catchment area and sedimentation 146

index principles of reservoir but the following approaches depend on the hydraulic residence time 147

principle. Brune established an empirical relationship curve for estimating long-term trap efficiency of 148

reservoirs based on correlation between reservoir capacity and inflow ratio  that was developed 149

using the data of 44 reservoirs in the USA (Fig. 2). The method is widely adopted, easy to apply and 150

requires small amount of data and is suitable for large storage capacity with normal pond reservoirs 151

(Morris and Fan, 1998; USACE, 1989; Espinosa-Villegas and Schnoor, 2009). 152

Figure 2. Brune’s curve for estimating sediment trapping (Brune, 1953) 153

       This relation was expressed as an empirical equation by Gill as follow: 154

………………………………………………………...…………….(3)155

where C is in m3 and I is the water inflow in m3 sec-1. Dendy suggested algebraic equation by adding 156

more data of 17 small reservoirs (A  60 km2) to Brune’s curve as: 157

……………………………………………………………………(4)158

Gill derived three equations from Brune’s curves for fine (Eq. 5), medium (Eq. 6) and coarse sediment 159

(Eq. 7): 160

…………………………………….………….(5)161



……………………(6)162

……………………………………………...………..(7)163

Ward modified Brune’s equation depending on the hydraulic water residence time for largest world 164

reservoir as: 165

……………………………………………………………………………(8)166

Where  is (C/I) residence time in year, C and I are in hectare-m and m3.yr-1 respectively. 167

Heinemann developed a new relationship for determining TE slightly difference of Brune’s curve 168

based on data of 20 ponded reservoirs in the USA (eq. 9).  169

………………………………………………………………(9)170

Jothiprakash and Garg developed two empirical equations to estimate TE for medium and coarse 171

sediment depending on the related by Brune’s curves for medium (Eq. 10) and coarse sediment 172

particle (Eq. 11) as follow: 173

…….…………………………………. (10) 174

…………………………………………………………. (11) 175

The mentioned equations did not take into consideration the effect of future variation or reservoir age 176

on the TE. In this study the methods established based on the hydraulic residence time were used to 177

evaluate and monitor monthly sedimentation processes within MDR.     178

Site description  179

    The Mosul dam is one of the most important strategic projects in Iraq. The project was constructed 180

on the Tigris River in the north of Iraq, located 60 km north west of Mosul city at latitude  36°37'44"N 181

and longitude 42°49'23"E (Iraqi Ministry of Water Resources, 2012) (Fig. 3). The dam is a 182

multipurpose project and it started operating in 1986 to store water, flood control and hydropower 183

generation but the main purpose was to provide water for three irrigation projects that cover 2500 km2184



of agricultural area. The dam is an earth filled dam, 113 m high and 3650 m long including its spillway 185

(Iraqi Ministry of Water Resources, 2012). 186

Figure 3. The location of the Mosul dam 187

  The MDR was constructed to impound 11.11 km3 of water at normal operation level (330 m a.s.l), 188

including 8.16 and 2.95 km3 of live storage and dead storage respectively. The maximum and dead 189

storage operation levels of its reservoir are 335 and 300 m a.s.l respectively. The length of reservoir is 190

about 45 km, with width ranging from 2 to 14 km at the normal level and a water surface area of 380 191

km2 while its shape is elongated where then River Tigris enters the upper zone and broadens close to 192

the dam site  (Iraqi Ministry of Water Resources, 2012) (Fig. 3). The River Tigris is the main source of 193

the water and sediment entering the reservoir. In addition, there are ten tributary valleys feed the 194

MDR, seven from the left (northeast) side and three from the right (southwest) side (Ezz-Aldeen, et 195

al., 2012; Al-Ansari, et al., 2013). The catchment area above Mosul dam site is about 56275 km2196

shared by Turkey, Syria and Iraq (Swiss Consultants, 1979; Saleh, 2010; Issa, et al., 2013).197

3- Available data (Material used) 198

4.1 Operating data 199

The water level fluctuation in MDR reservoir is small through the year. The hydropower generation 200

and pump stations of the north Al-Jazeera project are the important structures within MDR. The 201

power-generation facilities are located on and in the right abutment of the main dam (Fig. 3). The 202

power house is located in the toe of the dam embankment and includes four turbines with total 203

generating capacity of 750 MW. The Al-Jazeera pump station is located in the upper zone of the 204

reservoir (latitude 36°49'20"N and longitude 42°30'31"E) with a maximum water discharge 45 m3.sec-1205

(Fig. 3) (Iraqi Ministry of Water Resources, 2012). The long terms records of water inflow and 206

outflow of Tigris River were provided by these stations (Fig. 4). The discharges data showed that the 207

annual inflow and outflow rates were 563 and 543 m3 sec-1 respectively.  In addition the water 208

elevations in MDR were recorded during operation period (Fig. 5).  209



Figure 4. Average monthly inflow and outflow discharges of MDR. 210

Figure 5. Average monthly water elevations of MDR. 211

4.2 Sedimentation record data 212

Tigris River is one of the two most important rivers in Iraq and is the main source of water for 213

Mosul dam reservoir. Four major tributaries (Batman, Garzan, Botan and Al-Khabur) feed the Tigris 214

River north of MDR from the left bank (Al-Ansari and Knutsson, 2011). The catchment area upstream 215

MDR is about 54,900 km2 shared by Turkey, Syria and Iraq (Swiss Consultants, 1979; Saleh, 2010) 216

while the valleys surrounding the reservoir drains an area of  about 1375 km2 (Ezz-Aldeen, et al., 217

2012; Issa, et al., 2013). Long term sedimentation record data were measured in the River Tigris 218

before the construction of the dam were carried out on three gaging stations by Harza engineering 219

company and Binnie and Partners (1964). These stations are; Mosul at dam site, Tusan and Zakho 220

which were upstream MDR (table 1).  The sediment rating curve for Tigris River is shown in figure 6. 221

The sediment particle size on the river bed at this region before the construction of the dam had a 222

median grain size diameter of d50=18 mm (Swiss Consultants, 1979; Najib, 1980). In 2009, Dijla 223

Company for Engineering Design provided a study for the same region of Tigris River. In that study, it 224

was noted that the sediment size was d50=12.4 mm and the specific gravity for the bed material was 225

Gs=2.65 (ECB, 2010). In addition, the annual sediment delivered by right and left valleys of MDR 226

were 42.7 × 103 ton and 702 × 103 ton respectively (Ezz-Aldeen, et al., 2012; 2013).  227

Figure 6. Sediment rating curve of Tigris River under natural condition in three gaging stations (ECB, 228

2010) (Hint: Mosul station at Mosul dam site) 229

Table 1. Locations of the gaging stations 230

4.3 Bathymetric survey data 231

A bathymetric survey of the reservoir was conducted in 2011 after 25 years of dam operation. The 232

survey results showed that 1.143 km3 of sediment had accumulated over the period 1986-2011. This 233



represents an annual sediment deposition rate of 45.72 × 106 m3.yr-1. As a result, the reservoir lost 234

10.29% of its storage capacity during this period (Issa, et al., 2013). The survey results were also used 235

to construct area-storage capacity curves (Fig. 3). The results indicated that the water depth below the 236

normal operation level at the dam site was 83 m in 1986. Later in 2011 it was about 80 m due to 237

sedimentation. This suggests that, 3.0 m of sediment accumulated near the dam during the operational 238

period of the project (Issa, et al., 2013).  239

Figure 7. Area-storage capacity curves for the Mosul dam. 240

4- Methodology and techniques used 241

   All the empirical methods that e mentioned above did not take into  account the variation of TE with 242

time due to changes in the factors affecting it. That means, the river behavior, the reservoir’s 243

characteristics and operation mode will remain constant in the future. Therefore, in this study, average 244

monthly data of MDR were considered during the calculation of its TE. The calculations were 245

performed as follow: 246

 1. Average monthly data of water elevations in MDR with stage-storage capacity curve at 1986 (Fig. 247

7) were used to determine the average monthly storage capacity of its reservoir (Fig. 8).  248

2. The monthly data of storage capacity and inflow rate were employed to compute monthly TE of 249

MDR by using the six previously mentioned methods that are represented by equations (3, 4, 6, 8, 9 250

and 10) (Fig. 9).  251

Figure 8. Monthly variation of storage capacity for MDR 252

Figure 9. Average monthly TE for MDR 253

3. The inflow rate data were used with sediment rating curve for River Tigris and rate of sediment for 254

surrounding valleys to compute average sediment entering MDR (Fig. 6). 255

Figure 10.  The monthly rate (discharge) of sediment load coming to MDR 256



4. The sedimentation data (Fig. 10) and the monthly TE (Fig. 9) were used to determine the 257

amount of sediment deposited in the MDR.  258

5. The deposition data were employed to correct the storage capacity of MDR after 259

sedimentation (Fig. 8). Thus the adjusted data of storage capacity were used to correct 260

monthly TE of MDR (Fig. 11).  261

6. The corrected data of TE were used again to determine monthly sediment deposited in the 262

MDR during its operating that will be used to compute accumulative sediment deposited in 263

MDR during 25 year of its operating (Fig. 12).   264

Figure 11. Adjusted TE for MDR 265

Figure 12. Accumulative sediment coming and deposited in the MDR during 25 years 266

5- Results and discussion  267

    The six methods mentioned in the previous sections were evaluated by testing them against the 268

bathymetric survey data for   Mosul reservoir which were obtained by the survey conducted in 2011. 269

The total volume of sediment deposited in the MDR was 1.143 km3 (Issa, et al., 2013) and total 270

sediment coming to the reservoir was 1.199 km3 which were computed from sediment rating of River 271

Tigris (1.17684 km3) and surrounding valleys (0.02216 km3) (Table 2). Therefore, the real TE of MDR 272

is 95.329%. The total volume of sediment deposited in the MDR were also computed using average 273

monthly data for inflow and storage capacity via these empirical methods (Table 2). Furthermore, to 274

identify the effect of monthly operation on TE, the long term TE of MDR were also computed by 275

these empirical methods depending on the average inflow and storage capacity of MDR during its 276

operation period (25 years). The long term TEs were used to estimate the volume of sediment 277

deposited in MDR (Table 2). The percentage errors for sediment volume deposited in MDR for all 278

methods based on monthly average data and average of whole data (long term TE) are tabulated in 279

table 2. The results for all methods showed good agreement with bathymetric survey, with a 280

percentage error ranging between -3.237 to 1.662% for monthly adopted data and -4.549 to -2.450% 281



for whole period data (Table 2). It should be mentioned however, that Ward (1980 method) was giving 282

very good result relative to the other methods with percentage error 0.350%. In addition, convergent 283

results were obtained for determining monthly storage capacity (Fig. 4) and volume of sediment 284

deposited in the MDR (Fig. 8).  285

Table 2. Total sediment coming and deposited in the MDR during 25 years 286

6- Conclusion 287

    Trap efficiency (TE) is one of the most informative parameter that represents the sedimentation 288

characteristics in reservoirs. It is that proportion of trapped or deposited to the total incoming sediment 289

in the reservoir which is usually expressed in percentage. Six empirical methods for determining this 290

term were reviewed and applied for MDR. These methods depend on the water retention time 291

principle. They are; Brune (1953), Dendy (1974), Gill (1979), Ward (1980), Heinemann (1981) and 292

Jothiprakash and Garg (2008). The empirical methods were applied to compute TE of MDR 293

depending on average monthly data and whole data for dam operation (25 years). The results were 294

used to determine the volume of sediment deposited in the MDR. These results were compared with 295

those obtained using the bathymetric survey conducted in 2011 after 25 years of dam operation. The 296

comparison of the results showed that the method proposed by Ward (1980) gave good agreement 297

with minimum percentage error (0.350%). The results depending on the monthly TE data   produced 298

good results relative to the long term TE for estimating the volume of sedimentation. 299
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Table 1. Locations of the gaging stations 

Station Easting Northing 
Zakho 42° 41  00 37° 08  00
Tusan 42° 28  00 37° 00  00
Mosul 42° 49  03 36° 37  57

Table 2. Total sediment coming and deposited in the MDR during 25 years 

Methods 

Total 
sediment 
coming 
(km3) 

Depending the monthly TE Depending the long-term TE 

Average 
TE 

Total 
sediment 
deposited 

(km3) 

% Error 
Average 

TE 

Total 
sediment 
deposited 

(km3) 

% Error 

Brune 1.199 97.818 1.173 -2.625 99.573 1.194 -4.462 
Dendy 1.199 96.880 1.162 -1.662 99.003 1.187 -3.850 
Gill 1.199 97.708 1.172 -2.537 98.759 1.184 -3.587 
Ward 1.199 94.975 1.139 0.350 97.686 1.171 -2.450 
Heinemann 1.199 93.729 1.124 1.662 99.960 1.199 -4.899 
Jothiprakash and 
Garg 

1.199 98.403 1.180 -3.237 99.646 1.195 -4.549 



Figure 1. Churchill’s (1948) release efficiency curve (Morris and Fan, 1998)

Figure 2. Brune’s curve for estimating sediment trapping (Brune, 1953)

Figure 3. The location of the Mosul dam 

Mosul Dam reservoir 

North Al-Jazeera
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Hydropower generation  
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Figure 4. Average monthly inflow and outflow discharges of MDR. 

Figure 5. Average monthly water elevations of MDR. 
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Figure 6. Sediment rating curve of Tigris River under natural condition in three gaging stations (ECB, 

2010) (Hint: Mosul station at Mosul dam site) 

Figure 7. Area-storage capacity curves for the Mosul dam. 
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Figure 8. Monthly variation of storage capacity for MDR 

Figure 9. Average monthly TE for MDR 
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Figure 10.  The monthly rate (discharge) of sediment load coming to MDR 

Figure 11. Adjusted TE for MDR 
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Figure 12. Accumulative sediment coming and deposited in the MDR during 25 years 
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