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Theaim of thisresearch isto estimate surface runoff and sediment yield for all ungaged wadi
inflows to Mosul Lake, the regulating lake of the Mosul dam, Irag. These processes, which
affect the live storage of the lake, are estimated using a combination of three computer
methods. Thefirstisto convert physical basin mapsto digital mapsby using Gl Smethodswith
satellite images and remote sensing information. The second method delineates the basin
boundaries and morphological characteristics and simulates runoff for basins using the
Watershed Modeling System. The third method is to estimate the sediment yield using the
assumptionsof themodified univer sal soil lossequationunder singlestormrainfall by applying
gpatial programs together with programming. The field work consisted of soil tests and
surveying cross sections along the lake to compare with the initial cross sections when the
reservoir wasfilled. Sediment yield and accumul ation affect the oper ation of the power station

and also the regulation of the releases to the Tigrisriver. They also determine the life of the
project as dead storage diminishes over time.
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INTRODUCTION

Sediment yield estimation in the watershed areas of rivers and water surface bodies is
considered an important issue in the hydraulic and sediment models design of control canals
against floods, sediment estimation in reservoirs, and navigation canals.

It is an important parameter in the evaluation of the sediment effects on the projects and
activities occurring due to land use. Estimation of annual sediment yield produced from asingle
rainfall event requires applying many approaches to get acceptable and valid results. These
approacheswereclassified asasingleevent approach and an average annual approach, knowingthat
the most project designs require quantitative estimation of the transported sediment volumes
resulting from a single rainfall event.

A commonly used method isthe modified universal soil loss equation (MUSLE) developed by
Williams and Berndt (1977). This equation estimates the sediment yield produced from a single
rainfall event and represents an alternative to the earlier equation universal soil loss equation
(USLE) developed by Wischmeier and Smith (1978). The USLE does not define the hydrol ogical
processes like rainfall, infiltration, runoff and the main erosion processes like detachment of soil
particles as aresult of rainfall drop power and sediment transport. It aso neglects gully and bank
erosion.

A main consideration of hydrology is the rainfall-runoff relationship of a watershed. The
response of awatershed to rainfall is observed as the runoff at the basin outlet. For gauged basins
thisisrecorded as a hydrograph (discharge vs. time graph). The unit hydrograph of abasinsisthe
surface runoff caused by a unit of excess rainfall distributed uniformly over the area, and its
determination is significant in hydrology. For gauged basins, unit hydrographs are determined
from observed storm data, hyetographs and corresponding hydrographs. For ungaged basinsthere
are severa techniques for derivation of synthetic unit hydrographs. The SCS (1986) unit
hydrograph method is one of these techniques. Different form other techniques, the flexibility of
the SCS methodol ogy enablesit to be adapted to new technol ogies such asdigital elevation models
(DEMs) in Geographic Information Systems (GIS) (Garbrecht et al., 2001; Ogden et al., 2001).
It has been widely used in the water resources field. The hydrograph and drainage information
derived from DEM s (surfacedrainage, channel networks, drainagedivides, and other hydrographic
data) are used with automated methods that are faster and provide more precise and reproducible
measurements than traditional manual techniques applied to topographic maps.

The objective of this research is to develop a conceptual model which can mathematically
simulate overland flow and erosion-sediment routing, and estimate the sediment yield at the outl et
of awatershed. The importance of studying sediment yield in the regulation of Mosul lake is due
to the effect of these sediments on the operation of the power station and the regulation of releases
to the Tigris river, as well as the overall life of the project.

LITERATUREREVIEWANDANALYSISOFRELATEDWORK

There arefew studies about thisarea of study, and they are focused mainly on water quality and
general ideas about the morphological aspects and bank erosion of the lake. Al-Hamdani (1997)
found severe erosion behind Mosul dam is dueto jet impact from the bottom outlets. Theincrease
of therate of erosion within thelakeismainly duethedaily fluctuation of thewater level asaresult
of electric power generation. Al-Taiee and Rasheed (2004) explain the morphological
characteristics of the Fayda and AL-Bagaq wadies selected as case studies in the eastern area of
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Mosul lake to estimate the average sediment yield resulted from the erosion processes during
rainfall and predicting a unit sediment hydrograph entering Mosul lake. The study included
computer topographical and morphological ssmulation using the Watershed Modeling System
(WM S5.0, 1997) and feeding thismodel with hydrological and physical dataabout thesitewiththe
aid of commonly used approachesfor the estimation of sediment yield in the drainage basins. This
is a useful tool to evaluate the future influence of these sediments on Mosul lake and many
treatments to reduce these sediments such as check dams may be suggested. The present project
will discuss in detail the bathymetric characteristics and annual sediment yield in addition to
today’ s dead storage in comparison with the design storage.

STUDY AREA

The current study area is located upstream of the main Mosul Dam and it represents the
watershed area of Mosul lake. The area is 205 km? with a maximum elevation of 600 m and
minimum elevation of 260 m at the dam. The distance between study areato Mosul city is50 km.
Figure 1 shows the location of the study areain Irag. Mosul lake has 14 million m? of storage and
isabout 40 km long with an average width of about 2000 m. The main aim of thelakeisto regulate
the flow to the Tigris river. The minimum design discharge is 330 m®/sec. The second aim of the
lake isto maintain relevant water levelsfor the proper operation of the intake of the pump storage
at the Mosul Dam. To keep the storage volume constant, it is essential to minimize the sediment
load transported from the lake catchment area.

Sedimentation is considered one of the biggest problems at the lake and is an important issue
in the evaluation of the actual status of the lake to explain and understand the processesthat affect
the design dead storage of the lake.

Climatology of the Study Area

The study area is classified climatologically according to Koppen classification (Pidwirny,
1999) as mid-latitude (Mediterranean climate) summer dry. Climatological data were collected
from the climatological station in the Mosul dam project for the years 1994 to 2006.

The dataare maximum and minimum daily temperature, daily pan evaporation, daily maximum
and minimum relative humidity daily wind direction and speed, and rainfall depths. Figures 2 and
3 show the average maximum and minimum air temperature for the years 1994 to 2006. The
temperature is presented by percentage groups from greater than 10 °C and |less than 50 °C for the
maximum temperature, and from greater than 10 °C and less than 40 °C for the minimum. The
measured maximum percentage for the maximum air temperature during the year is 29% for
temperatures between 20 °C and 30 °C.

Figure 4 shows the average maximum relative humidity. The maximum measured relative
humidity is48% for arange of to 80-90% relative humidity. Thedaily pan evaporation in the study
areais shown in Figure 5 in which 43% of the year represents an evaporation less than 5 mm/day
and 23% of the year the recorded evaporation depth ranges between 15 to 20 mm/day. The average
lake evaporation may be calculated by multiplying the pan evaporation depth by 0.75 as a pan
coefficient (Al-Taiee and Hachum, 1988).

Theaveragemeasured daily wind directionisshownin Figure 6, inwhich thenortheast direction
represents the maximum percentage during the year while Figure 7 shows that 44% of the wind
velocity is less than or equal to 5 km/hr.
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Figurel. Locationmap of study area.

Figure 8 shows that 10% of the year consists of rainy days. Figure 9 showsthat 26% of therain
days produced runoff (i.e., more than 12 mm depth of rain).

MORPHOLOGICAL CHARACTERISTICSOFLAKEDRAINAGEBASINS

Morphological characteristics like drainage density, watershed length and width, channel
length, and channel slope of the watershed are important in understanding the hydrology of the
watershed. Runoff response is different for different slopes, shapes, lengths, widths and areas.
Computation of watershed morphological characteristics is a prerequisite to further detailed
hydrological analysis of the watershed. Hydrologists have attempted to relate the hydrologic
response of watersheds to watershed morphologic characteristics. Presently these characteristics
are determined manually from the topographic and stream network maps of the watershed. Manual
computation in order to generate these characteristics is not only tedious and error prone but also
time consuming.
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Technol ogieslike Geographiclnformation Systems(GI Ss) (Klong, 2000) havegained significant
importance over the last decade in their application to distributed hydrologic modeling. GIS is
suitable for analysis of spatialy referenced data. Nowadays GIS is widely used for resources
planning in watersheds. GIS can be used for the computation of the morphological characteristics
of a watershed.

The combination of Watershed Modeling Systems (WMS5.0, 1997) with Arc/Info GIS was
used to compute the important morphological characteristics of the watershed. Important
watershed characteristics included are the area of watershed, perimeter, elongation ratio, circular
ratio, form factor, drainage density, average slope of watershed, main stream and channel slope.
Themodel useswatershed boundary maps, drainage network mapsand contour mapsfor computation
of the morphological characteristics.

The morphological characteristics for all watersheds that flow to Mosul lake are shown in
Figure 10 and explained in Table 1.
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COMPUTER MODEL
M ethodology

The aim of a watershed predictive model is to reach a best understanding of the watershed
performance. In addition to a being a suitable tool to use specific data to predict flows. The
simulation process in the model is considered an aternative to carrying out continuous detailed
field studies and experiments which are often costly and difficult to verify. In this study, a
conceptual model for the study site was used. The conceptual model is asimple representation for
the study site watershed borders and the surface runoff movement over the basin for the main
streams in the valleys, in addition to the topography of the basin and soil types. A number of
assumptions and simplifications to get the conceptual model were adopted. The watershed area
was divided into many parts based on non-homogeneity in the physical characteristics. These
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Figure10. Locationmap of thestudy areashowingall watershedsthat flow totheregul ating dam.

characteristics can be represented using some specified symbols such as points, curves, and
polygonsto illustrate all the information which defines the conceptual model, including boundary
conditions. These characteristics can be converted to digital maps using GIS. These data are
provided to the watershed modeling program to simulate the morphological characteristics of the
study watershed area and surface runoff over the basin, producing the surface runoff hydrograph
at watershed outlet.

Sediment yield modeling is more complicated due to the detailed information required about
the amount and type of precipitation, runoff, and velocity of water. The objective of thisstudy is
to develop a conceptual model which can mathematically simulate overland flow, erosion-
sediment routing and estimate the sediment yield of the outlet of watershed.

MODEL COMPUTATION
Runoff

Owing to simplicity and compatibility with remote sensing and GI S, the runoff component was
estimated using the SCS curve number method (Soil Conservation Service, 1986) as follows:

R=0ifP<(0.2*9) ()
where, R = Runoff (mm), P = Precipitation (mm).
S=(25400/CN) - 254 2

where, CN = Curve number

The curve numbers can be derived from information on land use, land cover and hydrological
soil groups. The curve numbers are provided for moderate antecedent soil moisture conditions
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Tablel. Morphological characteristicsfor all basinsinFigure5.

Morphological Characteristics | Basinl | Basin2 | Basin3 | Basin4 | Basin 5 | Basin 6 | Basin 7

Area (Km?) 82.050 | 36.600 | 24.540 | 22.440 | 14.820 | 10.040 | 8.960
Basin Slope (m/m) 0.025 0.014 0.035 0.020 0.018 0.032 0.010
Average Overland Flow 0.580 0.550 0.600 0.550 0.610 1.010 0.480
Percent Facing North (%) 0.220 0.510 0.170 0.340 0.540 0.370 0.880
Percent Facing South (%) 0.780 0.490 | 0.830 0.660 | 0.460 | 0.630 0.120
Max Flow Distance (Km) 16.60 13.480 | 9.340 8.230 7.640 6.050 4.730
Max Flow Slope (m/m) 0.006 0.007 | 0.011 | 0.009 | 0.006 | 0.022 0.009

Centroid From Centroid to

1.920 0.600 0.690 0.600 0.230 0.300 0.080
Stream (Km)

Centroid Stream Distance (Km) 7.600 6.630 5.060 3.220 3.180 3.080 2.950

Centroid Stream Slope (m/m) 0.005 0.005 0.006 0.004 0.015 0.017 0.002
Max Stream Length (Km) 15.72 12.52 7.020 6.490 4.700 3.860 4.070
Max Stream Slope (m/m) 0.012 0.005 0.016 0.009 0.013 0.006 0.008
Basin Length (Kilometer) 14.70 9.55 8.26 6.40 6.89 3.66 3.78
Basin Perimeter (Km) 40.65 30.23 23.52 23.23 17.68 15.20 13.83
Basin Shape Factor 2.632 2494 2.778 1.828 3.203 1.334 1.597
Basin Sinucsity Factor 1.070 1311 0.850 1.014 0.683 1.055 1.076

Basin Average Elevation 3811 | 3289 | 3393 | 3073 | 3307 | 3114 | 2077

(m.asl)

Drainage Density 0.862 0.909 | 0.833 0.909 0.820 | 0.495 1.042
Circularity ratio 1.266 1410 | 1.339 1.384 1296 | 1.354 1.304
Circularity ration 0.624 0.503 0.557 0.522 0.595 0.546 0.588
Elongation Ration 0.096 0.160 0.234 0.261 0.333 0.455 0.544
Area Rdations 19.705 | 12.140 | 9.551 9.052 7.057 5.587 5.218

(ASM-I1), to convertinto ASM-I and ASM-I11 conditions, regression equationsare devel oped from
the data available in the Handbook of Hydrology using curve fit software.

CN-l = 0.3358 * 1.009CN-Il * CN-||1.038 ©)]
CN-I1l = 3.5610 * 0.9961CN-!l * CN-||0-8101 4
where, CN-I, -II, -Il1 represent curve numbers for antecedent moisture conditions I, 1l and 111

respectively. ASM = Antecedent Soil Moisture.
To compute the total runoff over agrid cell, in m3,
V = (R/1000) * grid cell area (in m?) (5)
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Peak runoff rate

The peak runoff rate (Qp) can be computed as suggested in EPIC (Erosion Productivity Impact
Calculator) model:

0.903* A0
_ 3 97* A0.7 * SO.lG * R * Lw—0.19
% =3 25.4 ©)

where, A = areaof the cell (km?), S=length of the cell along slope (m/km), R = runoff depth (mm),
LW = length to width ratio of the cell.

All the grid cells in the present study are square cells having length to width ratio of 1.0.
Erosion

The erosion component was divided into detachment, transport capacity and net detachment.
Details are given below.

Detachment (D)

To compute detachment of soil particles the Universal Soil Loss Equation (USLE) or its
variants were often used with a modification in energy component. We have assumed that the
surface runoff is the major component that governs the soil detachment and its transport. Hence
we retained the basic structure of Revised Universal Soil Loss Equation (RUSLE) as:

D=é*K*LS*C* PP (7
where, D = soil loss, € = erosive energy component, K = soil erodibility factor, LS = slope length
factor, C = cover factor, PP = erosion control practice factor.

The é?component could be explained by modificationsas suggested by variousauthorsas (from
Erosion Productivity Impact Calculator (EPIC) model documentation for MUSS (small watershed
version of (MUSLE))

6=0.79* (V * Qp) 0.65 * AO.OO9 (8)
where, V = storm runoff volume (mq) , Qp = peak runoff rate (m3/sec), A = areaof thegrid cell (ha).

The other parameters like K, C, LS, and P factors were computed as defined in the RUSLE
manual, and converted to the digital map (DEM grid file) representing the distribution of these
characteristics in the study area.

TheK factor

Soil Erodibility isthe function of physical characteristics of soil and its management, including
both land and crop management. The erodibility index was calculated for each soil seriesin this
study, using the following equation:

K = (2.1 M14) 104 (12-a) + 3.25 (b-2) + 2.5 (c-3) 9)
where M = particle size parameter (% silt + % very fine sand) or (100 - % clay)
a = % organic matter

b = soil structure class (1 for very fine granular; 2 for fine granular; 3 for medium to coarse
granular; and 4 for blocky, platy or massive);
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¢ = soil permeability class (1 for rapid; 2 for moderate to rapid; 3 for moderate; 4 for slow
to moderate; 5 for slow; and 6 for very slow)

All M, a, b and c values were extracted from soil reports of individual soil series.

According to this equation, the K value is calculated on the basis of the organic matter content,
the type of soil structure, the soil permeability and the soil texture. Figure 11 shows the
distribution of soil erodibility coefficient in the study area.

TheL Sfactor

In thisstudy, the slope length for different types of land use was determined, using information
from the field survey. Data on aspect, land use and slope maps were overlaid to map the slope
length. L and Sweretreated asacombined factor to find the LSindex. The L Sfactor was computed
for slope gradients of less than 8%, using the following equation.

LS = (1/22.13)" (0.0065 + 0.045 s + 0.0065 ) (10)

where, LS = slopelength in meters, s= slope gradient in %, and nis slope length exponent. Table
2 shows values of n.

When the slope had a gradient of more than 8%, the following equation was used.
LS = {(1/22.13)%%} {(0.17 s) - 0.55} (12)
The C factor

The cover factor (C) is defined as the ratio of vegetation cover to bare soil. This value ranges
between 0.2 to 0.25 for the present study area.

The PP factor

The erosion control factor (PP) is considered a function of land use and is often used in
agricultural lands (Haan et al., 1994). The PP value depends on the gradation of the surface
topography, slope, cultivation method, and roughness of land. Itsvalueisusually 1 where dataare
not available about the land use. No agricultural activities were found in the watershed of Mosul
lake, and the PP value is taken to be 1.

Slope of Land Element

A slope map can be produced using the slope operation in GIS. According to the GIS user
manual, slope of cell at location x,y is calculated as an average. Rainis (2004) classified this
method asaquadratic surface method. Equations 12 and 13 are used to cal cul ate the average change
in elevation for each unit distant in x and y directions. Figure 12 showsthe simple grid file and the
procedure below explains how Equations 12 and 13 to calculate the slope of grid (Z5) in Figure
12.

Z3+2726+29)-(Z1+24+27),
3

o

Cx (12)

(z1+22+23)-(27+28+29),

¥= 3

Cy (13)

where
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Figure1l. Distributionof soil erodibility coefficient.
Table2. Vauesof n.
Slope | <1% | 1Y% | (35% | >5%
n 0.2 0.3 0.4 0.5

Z1..Z9 = Elevation in 3* 3 window in Figure 12
Cx = Pixel sizein x direction,

Cy = Pixel sizeiny direction.

Calculate the slope for x,y as follows,

< VSF(oF

14
, (14)
If S=<1, slope percent = 100 * S otherwise slope percent = 200 — 100/S
Slope degree is calculated as in Equation 15 below.
Sope_degree=tan(S)* 180 (15)
T

Transport Capacity (T)

It is awell known phenomenon that all the detached sediment will not be transported to the
mouth of the watershed. It depends on the transport capacity of the flow. The transport capacity
equation given by Kandrika (2006) was used as it accounts for surface cover variations.
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T=QP* C* Sin(S)* 106* A (16)

where, T =transport capacity of theflow (tons), Q = runoff (mm), C = cover factor (dimensionless),
S = slope of the land element (%), A = area of the cell (m?).

Net Detachment (N)

It istrue that all the sediment detached will not be transported down the stream. The transport
capacity of the cell limits the net detachment and the detachment excess of transport capacity will
be deposited in the cell under consideration. As the transportation of sediment detached (D) is
limited to the transporting capacity, the net detachment (N) from the cell will be:

N=Dif(D<T) oN=Tif (D>T)
Sediment Transport from Grids to Streams

Thevariables, D and L arerequired to route the gross eroded sediment in each cell to the closest
adjacent stream. A soil transport model was derived from field measurements (Raleigh, 1990).

N,= N * (-0.97 Lell) (17)

where: N, = mass moved from each cell to the closest stream network, Le = the least-cost distance
from acdll to the nearest stream network, L = the maximum distance that sediment with mass M
may travel (m). This variable was calculated by the equation detailed in Raleigh (1990).

L=51+179* M (18)

SURVEYINGMOSUL LAKE

Mosul 1ake has an active storage capacity of 14 million cubic meters. The main am of the lake
is to ensure continuous minimum discharge of 330 m3/sec into the Tigris river and to maintain a
certain water level for the operation of the pump storage scheme. One of the main aims of the
present study isto evaluatethereal statusof the storage by comparison between the volume storage
of the lake after five years of the operation of the dam in 1991 with the present storage volumein
2007. The volume difference between the two periods will be related to the sediment yield in the
watershed which will be estimated and ssmul ated using the Watershed M odeling System (WM S5.0,
1997). Figure 13A shows the layout of the regulating lake with the fixed surveyed cross-sections
during 1991 and 2007. Eight lake cross-sections were selected to survey during 2007 based on the
geomorphological and geographical features of the sections to cover almost all the lake.

The surveying process was conducted using an echo-sounder instrument and some surveying
instrument fixed on a steam boat. The cross sections were surveyed beginning from the left side
to the right side looking downstream. Using WMS, two dimensional contour maps for the lake
depth in the selected surveying periods 1991 and 2007 are shown in Figure 13.
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Figure13. L ocationof crosssectionssurveyed and contour mapsfor theregulatinglakesurveyed during
1991 and 2007.

RESULTSAND DISCUSSION

Theassumption of the US Soil Conservation Service (SCS) which definesthe curve number was
adopted to simul ate the runoff and predict the conceptual model for the study site using the WMS.
The model was fed by all the hydrological soil types in the basin represented by maps describing
the distribution of soilsin the basin (SCS, 1986). Soil testsin the basin showed sand |oam and silt
loam which are classified as type C. The agricultural processes and activities were considered as
typeSR. Thisinformationwasfedtothecomputer model using mapsto describethesecharacteristics.
The value of curve number CN was found to be 85 for all the basins of the study area. This means
any rainfall less than 11 mm will not produce runoff.

Analysis of the rainfal records for the Meteorological station of Mosul dam showed 73
effective rainfall storms during 1993 — 2006 which were ssimulated by the computer program.
Table 3 explainsthe results of predicting sediment yield the by ssmulation model in the Universal
Soil Loss Equation (USLE).
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Table3. Someof theresultsof sediment yield predicationmodel.

Basin | Basin | Basin | Basin | Basin | Basin | Basin All
1 2 3 4 5 6 7 Basins
(tong | (tong) | (tong) | (tons) | (tong) | (tons) | (tons) | (tong)

4 12 1993 25 2050 915 613 561 370 251 20 4780
18 12 1993 18 701 313 210 192 127 86 7 1633
23 12 1993 23 1639 731 490 448 296 201 16 3822
30 12 1993 23 1639 731 490 448 296 201 16 3822

P

Day | Month | Year (mm)

16 2 1994 16 361 161 108 99 65 44 4 841
3 3 1994 24 1842 822 551 504 333 225 18 4295
21 3 1994 14 42 19 12 11 8 5 0 97
3 4 1994 41 6075 | 2710 1817 1661 1097 743 59 14163
3 11 1994 16 361 161 108 99 65 44 4 841
17 12 1994 17 528 236 158 144 95 65 5 1231

30 12 1994 20 1061 473 317 290 192 130 10 2473

21 1 1995 35 4413 1968 1320 1207 797 540 43 10287
29 1 1995 21 1248 557 373 341 226 153 12 2911
5 2 1995 30 3168 1413 947 866 572 388 31 7385
15 3 1995 18 701 313 210 192 127 86 7 1633
25 3 1995 18 701 313 210 192 127 86 7 1633
4 1 1996 20 1061 473 317 290 192 130 10 2473
5 1 1996 14 42 19 12 11 8 5 0 97
6 1 1996 18 701 313 210 192 127 86 7 1633
19 1 1996 17 528 236 158 144 95 65 5 1231
29 1 1996 14 42 19 12 11 8 5 0 97
11 2 1996 | 515 9426 | 4205 2819 2578 1703 1153 92 21975
25 3 1996 20 1061 473 317 290 192 130 10 2473
6 12 1996 | 30.5 3286 1466 983 899 504 402 32 7662
9 12 1996 38 5221 | 2329 1561 1428 943 639 51 12172
29 12 1996 30 3168 1413 947 866 572 388 31 7385
16 1 1997 22 1441 643 431 394 260 176 14 3360
26 2 1997 18 701 313 210 192 127 86 7 1633
29 10 1997 18 701 313 210 192 127 86 7 1633

Table 3 shows that the amount of total sediment yield into Mosul lake is 317,952 tons during
1993 —2006. The sediment yield calculated by the USL E includes only onetype of sediment yield
(sheet and rill Erosion. To calculate all types of erosion, the Dendy and Bolton (1976) Equations
19 and 20 were used. These equations include all types of sediment yield (sheet and rill Erosion,
gully Erosion, channel Bed and bank erosion and mass movement). Table 4 shows sediment yield
during 1993 — 2006. The total sediment yield to the lake increased to 1,079,807 tons during this
period.

Y's = 1280 Q%46 [1.43-0.26 LOG (A)] (19)

Ys = 1958 e005Q[1.43-0.26 LOG (A)] (20)
where, Q = yearly total runoff (inch) and A = drainage area (mil€e?)

Thetwo values of the predicted sediment yield represent the results of the simulation programs.
To check theseresultswith the actual sediment yield during the same period, thelakewas surveyed
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bathymetrically two timesin 1991 and in 2007. The difference between the two surveysrepresents
the volume of sediment yield to the lake. This volume was cal culated using the Surfer 8 package.
Actual measured volume of sediment is 1,014,241 tons. This value represents all types of which
entered the lake.

Thecomparison between the predi cted and measured sedi ment quantitiesshowsgood agreement.
The percentage of error between predicted and observed is only 6%. Sheet and rill erosion
represents 32% of thetotal while 68% consists of gully erosion, channel bed and bank erosion and
mass movement. Some empirical equations predicted the sediment yield in the study area. These
equations may be used in the future without any need to operate the simulation model as shownin

Sediment Accumulation, Mosul Lake, Irag  Al-Hamdani and Rasheed

Tableb.
Table4. Resultsof predicted sediment yield by Dendy and Bolton (1976).
i Yi i Yi
Year P (mm) %m /yegr()j Sed r(rgnlt 9 dd

1993-194 453 305 62528
1994-1995 4745 292 59767
1995-199%6 332 393 80617
1996-1997 332 393 80617
1997-1998 337 389 79775
1998-1999 142 586 120146
1999-2000 265 453 9279%
2000-2001 334 392 80279
2001-2002 308 414 84784
2002-2003 330 395 80956
2003-2004 31 411 84252
2004-2005 280 439 89919
2005-2006 316 407 83372

Tota sediment yied 1079807

Table5. Empirical equations.

Basin name Empirical equatio)ni e];g(tt)?w g)redicting sediment Type of the ;e/:g%ed sediment R2
Basin 1 Ys=2.5518P° + 83.108P — 1622.1 Sheet and Rill Eroson 1
Basin 2 Ys=1.1383P> + 37.072P—-723.58 Sheet and Rill Eroson 1
Basin 3 Ys=0.7632P> + 24.857P — 485.16 Sheet and Rill Eroson 1
Basin 4 Ys=0.6979P? + 22.729P — 443.64 Sheet and Rill Erosion 1
Basin 5 Ys = 0.4609P? + 15.011P —292.99 Sheet and Rill Eroson 1
Basin 6 Ys=0.3122P* + 10.17P - 198.49 Sheet and Rill Erosion 1
Basin7 Ys= 2.2077P>—32.865 Sheet and Rill Eroson 0.98

All Basins | Ys=5.9491P° + 193.76P - 3781.8 Sheet and Rill Eroson 1

Sheet and Rill Erosion, Gully
All Basins | Ys=789.7 e-0.0021PP Erasion, Channd Bed and Bank | 0.96
Erasion and Mass Movement

p = rainfall depth for single event (mm), PP =yearly rainfall depth (mm), Y s=sediment yield (tons).
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CONCLUSIONS

According to the conceptual model the amount of total sediment yield from sheet and rill
erosion which entered the lake was 317,952 tons during 1993-2006. The total amount of sediment
from all sourcesfor the same period was 1,079,807 tons. This number represents sheet, rill, gully,
channel and bank erosion when derived using the Dendy and Bolton equations. Thisamount agrees
with the actual measured volume from 1991 to 2007 of 1,014,241 tons.

A comparison between the predicted results and the actual sediment accumulation shows good
agreement. Sheet and rill erosion represents 32% of the total.

Finally, by using statistical analysis some empirical equations are proposed for the sediment
yield in the study areawhich can be used in the future without any need to operate the model. They
arelisted in Table 5.

RECOMMENDATIONS
Recommendations concerning reduction of sediment yield to Mosul |ake include:

1. Planning for the effective management of the watershed area of the regulating lake using
methods such as check dams, vegetation cover, and proper plowing of the soil surface across the
main slope of the land.

2. Bathymetric survey of thelake every 2-3 yearsto evaluatethereal statusof storagevolume.

3. Flushing thelake every 3 years by drawing down the water level to g ect sediment from the
lake.

4. Design engineering treatments for the banks of the lake to prevent scouring due to the
fluctuation of the water level.
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