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ABSTRACT  
 

Rainwater harvesting is one of  the methods that can ensure 
availability of water for winter crop in Iraq. Using this technique the excess 
rainwater (runoff) is stored in reservoirs of dams of different sizes. The 
water from these reservoirs  can be us ed later when requi red to s atisfy the 
crops requirements. 

It is believed that rainwater harvesting will be one of  the solutions to 
overcome water shortages problem in Iraq. 

This work deals with rainwater harvesting modeling on Sinjar District. 
The area of study is a plan area located on the northern and southern flank of 
Sinjar Mountain, within Nineveh province in northwest Iraq.  

The model was first applied o n southern of Sinjar Mou ntain, where 
barley crop was chosen as one of  the main crops grown in the area. Linear 
programming technique was adopted t o optimize the irri gated area for 
irrigation scenario of supplemental irrigation (SI) 100% of full irrigation 
requirements. Two scenari os of operation wer e considered for each m ain 
basin. In the first, each reservoir was operated as a separate unit while in the 
second all reservoirs in a basin were operated as one system. Both scenarios 
gave encouraging results. Scenario two however, was relatively better. 

And then the m odel was applied again on t he northern Sinjar 
Mountain area. Wheat crop wa s considered as  the main crop grown in the 
area. A linear programming technique was adopted to optimize the irrigated 
area for three s cenarios of irrigation. They were: 1/supplemental irrigation 
(SI) 100%, 2/deficit irrigation (DI) 50%, 3/deficit irrigation (DI) 25% of full 
irrigation requirements. The res ults of the t hree scenarios used indicated 
that, using deficit irrigation (DI) of 50% can be m ore beneficial than SI of 
100% and DI of 25% of full irrigation requirements.  

These results reflect useful value of RWH and its influence to increase 
the irrigated area in the studied region. 

This study had bee n carried out at  Lulea U niversity of Technology, 
Department of Civil, Envir onmental and Natural Resources Engineering, 
Lulea, Sweden. 

The present work structured in seven chapters, and can be pursued as 
follows:  
 
In chapter 1, Background of the rainwater harvesting, aims of study and 

research methodology are addressed.  
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In chapter 2, Scope of description of Water Resources in Iraq, N umbers and 
facts about Iraq, Present wa ter resources conditions in Iraq, Irrigation  
practices in Iraq, Main Rivers of Iraq, Dams on Tigris and Euphrates 
Rivers, The impact of Southeastern Anatolia Project (GAP) on water 
resources in Iraq, Environ mental Consequences and Groundwater in 
Iraq are described. 

In chapter 3, Inf ormation review on rainwater harvesting and s upplemental 
irrigation is presented.  

In chapter 4, Description of the study area of the Sinjar Dist rict, simulation 
models used in the study and a research methodology are presented. 

In chapter 5, The results are presented and disc ussed for southern and 
northern of Sinjar Mountain.  

In chapter 6, Summaries for future study: water harvesting and groundwater 
recharge, water harvesting and its role in increasing crop productivity 
and the impact of forecasting on water harvesting.  

In chapter 7, Summaries for the overall conclusions based on the results and 
then references of the study are listed. 

 
Extended of thesis  

1-Water harvesting and reservoir optimization of selected areas south Sinjar 
Mountain, Iraq, Lulea University of Technology, Sweden. 

Nadhir Al-Ansari, Mohammad Ezz-Aldeen, Sven K nutsson, Saleh Zakaria 
Submitted to the Journal of Hydrologic Engineering.  

2- Rainwater harvesting and s upplemental irrigation at northern Sinjar 
Mountain, Iraq, Lulea University of Technology, Sweden. 

Saleh Zakaria, Nadhir Al-Ansari, Sven Knutss on, Mohammad Ezz-Aldeen 
Journal of Purity, Utilit y Reaction and Envi ronment, Vol. 1 No.3 , 
May 2012, 121-141. 
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1. Introduction 
 
1.1 Background  
 

Humans have used rainwater harvesting (RWH) thousands of years ago as a 
traditional technique. 

The synchronization of applying this technique was a result of combination 
of two main factors. The first factor was the scarcity of available water, while the 
second was the evolution of civilization in arid regions of the old world.  

This technique was applied to achieve its main goal to store rainwater to be 
used later for agricultural purposes, daily use by humans and watering livestock.  

In fact, this traditional technique was used to overcome the problems 
resulting from low annual rainfall with uneven distribution in arid regions. 

In general, the arid regions are defined as areas where potential 
evapotranspiration is much greater than precipitation.  

According to the rainfall depth, FAO (1987) identified the depth of annual 
rainfall on the arid and semi-arid regions that ranged between 0-300 mm and 300-
600 mm, respectively.  

The historical remains that had been discovered in different parts of the 
world (e.g. hydraulic plants, channels and tanks) represented  clear evidence of the 
use of water harvesting systems during  ancient times.   

The oldest structures of water harvesting system are found in Jordan. They 
show that the simplest components of water harvesting are 9000 years old. Other 
structures were also found in southern Mesopotamia about 4500 BC (Bruins et al., 
1986; Prinz, 1996). 

Water harvesting technique is known with different names in different 
regions of the world, this has lead to a wide range of definitions and classifications 
(Nasr 1999). ‘The collection and storage of any farm waters, either runoff or creek 
flow, for irrigation use.’ was the first definition for water harvesting given by 
Geddes 1950’s (Boers, 1994). Critchley (1991) defined water harvesting as the 
collection of runoff for productive use.  

Boers and Ben-Asher, (1982) defined water harvesting as a method for 
inducing, collecting, storing, and conserving local surface runoff for agriculture in 
arid and semi-arid regions. Oweis, (2004) defined it as the concentration of 
rainwater through runoff into smaller target areas for beneficial use. 

The most important factors that control water harvesting techniques are the 
local conditions and different practices of local farmers (Boers and Ben-Asher, 
1980).  
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Rainwater harvesting may include micro-catchment (area less than 1000m2) 
or macro-catchment runoff farming (area between 103 – 2×106 m2) (Critchley and 
Siegert, 1991; Prinz and Singh, 2000). 

Iraq is part of West Asia and North Africa (WANA) region. The country is 
facing water crises due to shortage of water supply from the main two rivers 
(Tigris and Euphrates) (Al-Ansari and Knutsson, 2011).  

Dry areas form 95% of the total areas in countries of the WANA region 
(Oweis, et. al., 1999). Low rainfall affects the agricultural activities in these areas.  

Rainfall in this region is characterized by its low value and uneven 
distribution. In addition most of the rainwater is lost by soil surface evaporation 
and/or runoff to different small valleys.   

Agricultural land in this region is characterized by low organic material of 
soil, high soil salinity and poor vegetation. These characteristics are the conditions 
of most pastures and limited economic agricultural production due to water 
scarcity (Nasr, 1999). Several factors can affect agricultural production, but water 
is the most important factor (Oweis and Hachum, 2006). 

Water productivity is the yield per unit of water used (Oweis and Hachum, 
2006). The most influential factor that improving agricultural production in dry 
area is the water, not land. On this basis, to improve agricultural production in 
these areas, a better strategy should be adopted. This strategy is represented by 
maximizing the yield per unit of water used and not the yield per unit of land, this 
will lead to more production of the food using less amount of the water. It should 
be noted however, that this strategy will take place if all other factors of improving 
agricultural production are taken in consideration (Oweis and Hachum, 2006).  

The productivity of the rainwater can be significantly improved by applying 
a specific technique such as Macro RWH, based on availability of a surface 
reservoir, where macro is an indicator for large catchment area.  

This will increase the agricultural productivity especially when RWH is 
combined with most efficient-proven of irrigation technologies, such as 
supplemental irrigation (SI) and deficit irrigation (DI).     

In Oweis and Hachum, (2003) it is indicated that adding limited amount of 
irrigation water for the rainfed agriculture during critical stages of crop growth can 
improve not just the yield but water productivity as well. 

Currently, Iraqi farmers don’t use water harvesting techniques. It is hoped 
that this study will lead to encourage farmers to use these techniques. 

It is believed that rainwater harvesting will be one of the solutions to 
overcome water shortages problem in Iraq. 
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1.2 Aims of study  
 

This study is the first in this field to be applied in Iraq. The main aim of this 
research is to contribute to solve the problem of water shortage of Iraq. This can be 
accomplished by finding effective results in terms of saving significant runoff 
water to maximize the irrigated area. This was achieved by using water harvesting 
modeling as follows: 
 
 To apply Macro RWH technique on selected sites in Iraq (Sinjar District). 
 To estimate the annual volume of runoff for individual selected sites. 
 To maximize the irrigated area based on SI 100% of full irrigation requirements 

with two scenarios of reservoirs operation (in the first, all reservoirs in the basin 
operate as separate system and in the second, all reservoirs in the basin operate 
as one system) at selected sites (southern Sinjar area).  

 To maximize the irrigated area based on three supplemental irrigation scenarios 
SI 100%, DI 50%, and DI 25%, of full irrigation requirements at selected sites 
(northern Sinjar area).  

 To analyze and compare the results of the reservoirs operation scenarios to 
identify the best scenarios that give maximum irrigated area. 

 To analyze and compare the results of the three supplemental irrigation 
scenarios SI 100%, DI 50%, and DI 25%, of full irrigation requirements to 
identify the best scenarios that give the maximum irrigated area.  

  
1.3 Research Methodology 
 

In order to accomplish the above mentioned aims, the following approaches 
were adopted: 
1- Digital Elevation Model (DEM), field surveying and observations were 

considered to select the best suitable places for building the water harvesting 
dams. In this step, the Watershed Modeling System (WMS V.7.1, Brigham 
Young University) and the Global Mapper (GM V.8.03, Global Mapper) 
software were applied. The sections of suitable dam sites were chosen 
depending on the stream flow order. 

2-The present work was carried out using the WMS, based on Soil Conservation 
Service method (SCS). The goal was to estimate the runoff volume by applying 
TR-20 (inside model of WMS) for each single storm for the period 1990-2009.  
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3- Data for land use was obtained for the individual selected basins based on the 
map of land use and land cover for Nineveh governorate produced by Remote 
Sensing Center, University of Mosul.  

4- Curve Number (CN) values were estimated for each basin depending on the land 
use, land cover and soil type. The weighted average CN values were estimated 
depending on the area of specific land use as a percent of total basin area. Then 
CN values were calibrated for Antecedent Moisture Condition (AMC) for dry, 
average and wet conditions according the antecedent rainfall depth for the five 
days.  

5- The runoff model was calibrated using actual rainfall and runoff measurements 
given by Khidir (1999) for the studied area. 

 6- Linear programming optimization technique was applied to maximize the 
irrigated area. The area can be supplied with water from storage dams based on 
available storage capacity for each reservoir and runoff storage volume.  

7- Several scenarios were used. For southern Sinjar area, two scenarios of 
reservoirs operation were considered for each main basin: 1) each reservoir was 
operated as a separate unit; 2) all reservoirs in the basin were operated as one 
system. For northern Sinjar area, three irrigation scenarios were considered as a 
ratio of full irrigation requirements: 1) SI 100%; 2) DI 50%; 3) DI 25%. 

8- The results were analyzed and graphically presented. 

9- The following assumptions were used in the application of the model: 

a- All the runoff water that was collected from the catchment area and reached 
the basins outlet entered into reservoirs.   

b- The infiltration loss for the spill flow occurred between the successive 
reservoirs was neglected because it had low value which was not effective. 
In addition, the flow occurred in wet days and the stream bed was saturated 
after days of rain. Also, the evaporation was neglected due to low 
temperature, high relative humidity during wet days and limited flow surface 
area for the spill flow. 

 c- In using linear programming, most the relations used are linear, such as, 
continuity equation, the water balance (constraint) equation, and evaporation 
loss from the reservoir except the relation between storage water volume in 
the reservoir and the water surface area of the reservoir, where it was 
translated to the linear relationship.  
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2. Water Resources in Iraq 

2.1 Scope 

A quick review of the water resources in Iraq helps us to provide a better 
understanding of the extent of the water shortage problem in Iraq. 

The Tigris and Euphrates Rivers are considered as the main water resources 
of Iraq. There are several factors affecting water shortages in Iraq. Among these 
factors are the climatic changes. The policy of neighboring countries in building 
dams on the courses of the Tigris and Euphrates in Turkey and Syria contributes 
about future concerns on water quotas (Bazzaz, 1993 and Al-Ansari et al., 1999). 

Prudent water management and the use of new non conventional techniques 
to augment water resources are to be followed in Iraq to overcome water shortage 
problems. Among the non-conventional methods to be used is rainwater 
harvesting. 

 
2.2 Numbers and facts about Iraq 

The Republic of Iraq is located in the south-west of the continent of Asia, 
extends between latitudes 29 5” and 37 22” north and longitude 38 45” and 48 45” 
east. 

The total area of 435,052 square kilometers, divided into four sections of the 
surface of Iraq: alluvial plain region, mountainous region, desert region and 
undulating region. The population of Iraq is about 20.4×106 during 1995. 

The climate of Iraq is considered generally as hot during summer and cold 
and rainy during winter. 

The average annual rainfall in Iraq is 154 mm. The ranges from less than 
100 mm at the south-west of Iraq (desert region) up to 1200 mm in the northeast of 
Iraq (the mountainous region). The rainy season is during October to April. 
 

2.3 Present water resources conditions in Iraq 

The water availability is the most important factor to achieve food security 
in the world. The Tigris and Euphrates Rivers form the Mesopotamian plan in Iraq 
(Figure 2.1). Both rivers rise in Turkey. River Tigris enters the Iraqi border directly  
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Figure.2.1 Map of the Tigris and Euphrates Rivers’ basin. 

(Source: http://freeiraqivoice.com) 
 
from Turkey while River Euphrates enters Syria and then Iraq. The two Rivers join 
together at Qurna city south of Iraq forming Shatt Al-Arab River. 

The discharges of the main two rivers are strongly influenced and regulated 
by Turkey and Syria. Other factor affecting the discharge of the rivers is poor 
water management policies within Iraq. 

Dams built in Turkey and Syria on these rivers contributed to increased 
concerns over future water quotas and its alarming implications upon the national 
security and strategies.  

The flow was reduced in these rivers to the extent that it had a number of 
negative implications on humans and the environment.  
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This implies that serious measures are to be taken to ensure the rational 
management of water resources and development to secure the life of a large sector 
of society and the protection of the environment. 

Statistics in 1990 indicate that, the amount of water drawn in Iraq is up to 
1357 m3/sec. It should be mentioned that 90% of this quantity was used for the 
agriculture purposes and 4% for the domestic use and 6% for industrial purposes 
(Al-Ansari, 1998 and 2005, Sadik and Barghouti, 1993).  

All urban areas in Iraq are supplied with drinking water while only 54% of 
rural areas are supplied with water. Tigris contribute of total the waters used in 
irrigation is up to 63%, while for Euphrates is up 35% and for the Shatt al-Arab is 
up to 2% . After the Gulf war the situation became much worse in both water and 
sanitation sectors (Al-Ansari and Knutsson, 2011). 
 
2.4 Irrigation practices in Iraq 

To develop agricultural practices, water and good cultivated land should be 
available. Using new irrigation techniques can also play an important role in this 
context. 

Unfortunately, in Iraq the agricultural productivity is retarding with time. 
Cultivated area is shrinking in Iraq. Total cultivated area in Iraq reaches 

11.5×106 hectares, only 3×106 to 5×106 hectares are used due to fallow practices 
and unstable political conditions and in 1993 only 3.73×106 hectares were 
cultivated (Al-Ansari and Knutsson, 2011). 

According to the soil classification in Iraq, there is about 6 million hectares 
classified as excellent, good or moderately suitable for flood irrigation. 

Any irrigation practice will be affected by the quantity of water released 
upstream. Iraq's water policies and strategic plans are significantly affected by the 
water quantities of Euphrates River where 90% of the flow of this river is 
controlled by Turkey and Syria. 

River Euphrates has no tributary contributing to its flow inside Iraq. 
The Tigris River flow is less controlled. Only 50% of its flow is controlled 

outside Iraq. Five main tributaries contribute to the flow of the Tigris River inside 
Iraq. 

The Iraqi Governments tried to reach an agreement with Turkey and Syria 
for a long time. All these efforts were not successful. 
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According to discussions and negotiations between Iraq and Syria, Iraq is 
supposed to receive 58% of the flow of the Euphrates which crosses the Turkish-
Syrian border. Turkey promised to allow 15.8 km3 /year to flow from the 
Euphrates River to Syria. This implies that Iraq should receive 9 km3 /year. 
According to present estimates, Iraq receives 0.03 km3 /year from the Euphrates 
River (Al-Ansari and Knutsson, 2011). 

 
2.5 Main Rivers of Iraq 

Iraq relies entirely on the waters of the Tigris and Euphrates rivers. Both 
rivers are representing the main resources of water in Iraq. The two rivers join 
together in the south of Iraq forming Shatt Al-Arab. The three rivers supply the 
water for the fertile lands on both banks throughout their course. 

 
2.5.1 River Tigris  

The total length of Tigris River is about 1718 km. It rises in the southeastern 
parts of Turkey (Touros Mountain). The total area drained by Tigris River is about 
473 thousand km2 at three countries (Turkey, Syria and Iraq). About 58% of this 
area lies in Iraq. The drainage area of the Tigris River is 57614, 834 and 253000 
km2 in Turkey, Syria and Iraq respectively. 

Some tributaries like Butman Su, Karzan and Razuk join the Tigris River 
inside Turkey. 

Tigris River entered Iraqi land at Fiesh Khabur village with mean annual 
flow up to 64 m3 /sec and it increases at Razuk to 413 m3 /sec. Then Khabur 
tributary joins the main river with mean annual flow about 68 m3 /sec. At Mosul 
city, the mean discharge of Tigris reaches up to 630 m3 /sec. 

Greater Zab tributary joins the Tigris about 60 km south of Mosul city with a 
mean annual flow of 418 m³ /sec. Drainage area is 25.8×106 km2 of which about 
62% lies in Iraq. Lesser Zab tributary joins the Tigris south of Fatha. Its drainage 
area is 21.5×106 km2 (25% in Iran) with a mean annual flow of 227  
m3 /sec. Thus, the mean annual flow of the Tigris reaches 1340 m3/sec. The 
Adhaim tributary joins the Tigris with mean annual flow of 25.5 km3.  Further to 
the south, the last major tributary, Diyala River joins the Tigris south of Baghdad. 
The mean daily flow of this tributary reaches 182 m3/ sec.  
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No additional tributaries join Tigris south of Baghdad city (Al-Ansari et al., 
1986b). The mean annual daily flow of the river falls below its value at Baghdad 
(1140 m3 /sec) in Kut and Amara cities at the south where there is a need for 
irrigation water and for this reason water is taken from the main river. 

It should be noted however, that the mean flow rate of Tigris River at Mosul 
city prior to 1984 was 701 m3 /sec and decreased to 596 m3 /sec afterward as in 
(Figure 2.2). This implies that the river discharge had been decreased with 15%, 
(Al-Ansari and Knutsson, 2011). This is due to the fact that dams are built on the 
headwaters of the river in Turkey.  

  

 
Figure 2.2: Water Discharge of River Tigris at Mosul City for the period 1960-2008 after 

(Al-Ansari and Knutsson, 2011). 
 
2.5.2 River Euphrates  

The total length of Euphrates River is about 2781 km. It rises in the 
southeastern parts of Turkey. The drainage area of the Euphrates River is about 
444000 km2 distributed between Turkey (125000 km2), Syria (76000 km2), Iraq 
(177000 km2) and Saudi Arabia (66000 km2). 

Two tributaries, Murad Su and Karah Su, join together inside Turkey 
forming the Euphrates River. 
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The River enters Syria at Jarablis which is located at the border between 
Turkey and Syria. River Euphrates runs 675 km inside Syria, and then enters Iraq. 
Some tributaries inside Syria join the Euphrates like Sajor, Balikh and Khabur.   

River Euphrates enters the Iraqi border at Hasaibah with mean daily 
discharge of 909 m3 /sec (Al-Ansari et al., 1981; Al-Ansari et al., 1988). Along the 
course of the River in the middle and southern parts of Iraq, number of irrigation 
projects withdraws water for irrigation purposes.  

During flood, the excess water is diverted from the Euphrates River to 
Habaniyah Reservoir which is located 40 km south of Ramadi. Further to the 
south, (about 135 km south of Faluja) Hindiya barrage diverts a maximum 
discharge of 471.5 m3 /sec to small parallel tributaries (Al-Sahaf, 1976). At south 
of Kifil, Euphrates is divided into two channels forming Kufa and Shamiya and at 
Mushkhab then they join again. 

The Euphrates River splits again, 25 km south of Shanafiya then near 
Simawa rejoins again. 

Euphrates enters Hamar marsh forming two main channels within the marsh. 
One joins the River Tigris at Qurna forming Shat Al-Arab River and the other joins 
Shat Al-Arab River directly at Karmat Ali. 

The mean flow rate of River Euphrates at Hit and Haditha cities was  
967 m3 /sec preceding to 1972 and decreased to 553 m3 /sec after 1985 (Figure 2.3). 
This implies that 43% of the Euphrates flow had been reduced (Al-Ansari and 
Knutsson, 2011). 
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Figure 2.3: Water Discharge of River Euphrates at Hit and Haditha cities for the period 

1948-2007 after (Al-Ansari and Knutsson, 2011).  
 

2.5.3 River Shatt al-Arab 

Rivers Tigris and Euphrates join at Qurna in southern Iraq forming River 
Shatt Al-Arab that flow directly to the Gulf. 

The length of the River Shatt al-Arab is about 192 km and drains an area of 
80.8 thousand km2. Shat Alarab River has an annual discharge at Faw region up to 
1116 m3 /sec. In the last two decades, there were two main tributaries (Suwaib and 
Karun) providing Shat al-Arab with water coming from Iran, at present the water 
of these tributaries is halted by the water projects of Iran.  
 
2.6 Dams on Tigris and Euphrates Rivers 

In 1977, Turkey started what is known as the Southeastern Anatolia Project 
(GAP). The project is supposed to provide electricity and water for Turkey. 

The project covers nine provinces in Turkey to utilize the water of Tigris and 
Euphrates Rivers, (GAP, 2006). The project includes 22 dams and 19 hydraulic 
power plants which are supposed to irrigate 17×103 km2 of land (Unver, 1997). 
The total water storage by Southeastern Anatolia Project (GAP) is up to 100 km3 
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which is equivalent three times more than the overall water storage of Iraq and 
Syrian reservoirs. 

The Syrian Government built three dams on the Euphrates River prior to the 
year 2000. The total storage capacity of these dams is 16.1 km3. 

In Iraq, the initial idea for building dams was for the purpose of preventing 
the risk of flooding on the capital (Baghdad) and other major cities. The first dam 
was built in 1959 (Dukan) on the Lesser Zab tributary of Tigris river with reservoir 
capacity of 6.8 km3. Later, a group of dams were constructed on the Tigris and 
Euphrates Rivers. 

The purpose was to provide water for irrigation and electrical power 
generation. In 1961 Darbandikhan dam and in 1981 Hemrin were built on Diyala 
River with reservoir storage capacity of 2.8 and 2.4 km3 respectively. Al-Mosul 
dam (1986) was built on Tigris River with reservoir storage capacity of 11.11 km3. 
Dohuk dam was built in (1988) on Robardo tributary of Tigris River with reservoir 
capacity of 0.475 km3. Al-Udhaim dam was built in (1999) on Al-Udhaim tributary 
of Tigris River with reservoir capacity of 1.5 km3. Haditha dam was built in (1986) 
(almost of no use today) on Euphrates River with reservoir capacity of 8.28 km3. 

Three more dams are under construction. They are Bakhma and Badoush 
dams on Tigris and Greater Zab Rivers respectively with reservoir capacity of 17.0 
and 10.0 km3 respectively. The third dam is Al-Baghdadi dam on Euphrates River 
with reservoir capacity of 0.499 km3.  

The Iraqi Government was aware of the fact that more dams were required 
to ensure water storage. However, the Gulf war and the UN sanctions on Iraq in 
1990 delayed the work on these projects. 

For the past few years, the existing dams in Iraq could not be filled due to 
water shortages. This shortage is a result of the construction of new dams in 
Turkey. In addition, the Syrian Government due to this shortage is also trying to 
fill their reservoirs and a consequence, Iraq is suffering. 
 
2.7 The impact of Southeastern Anatolia Project (GAP) on water resources in 

Iraq 

The Turkish Government started the GAP project with building the dams on 
the Euphrates River. As a consequence, about 80% of the Euphrates flow is 
controlled by Turkey, (Beaumont, 1995; Alyaseri, 2009; Robertson, 2009). 
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The flow of the Euphrates River was 21 km3 /year for the period 1990-2000 
and it was dropped recently to 12 km3 /year indicating 40% reduction (Majeed, 
1993). In Iraq, it was more severe where the flow was 29 km3 /year before 1990 
and dropped to 4.4 km3 /year in recent years (Majeed, 1993). 

The reduction of the Euphrates flow was reflected on the area used for 
agricultural practices where it decreased from 650,000 hectares to 240,000 hectares 
indicating 63% decrease (Al-Ansari and Knutsson, 2011). 

The situation on the Tigris River is relatively better compared to the 
Euphrates River. However, the construction of Ilisu dam will reduce the flow by 
47%, where Iraq is receiving 20.9 km3 /year now and it will be reduced to  
9.7 km3 /year (Alalaf, 2009).   

This implies that 696,000 hectares of agricultural land will be abandoned 
(Al-Ansari and Knutsson, 2011). 

After the completion of the GAP project, the Turkish water supply will reach 
195 km3 /year while its demand does not exceed 15.6 km3 /year (Kamona, 2003). 
Even before the completion of the GAP project, the reduction in flow in the 
Euphrates River is very clear. The record indicates that the flow dropped from 950 
m3 /sec before 2005 to less than 230 m3 /sec now. 

The effect of the GAP project on Iraq can be summarized as follow: 

 Environmental Consequences 

Half of the Iraqi agricultural land turned to arid desert. This leads to more 
strong dust storms, increasing saltiness of the soil  and increasing pollution levels 
reaching  (1800 mg/L) south Iraq (Al-Ansari and Knutsson, 2011). 
 

 Social Consequences 

Fishermen and farmers will leave their land and move to big cities (Alyaseri, 
2009). This will weaken the economy and Iraq will be forced to import its food 
(Robertson, 2009, Cockburn, 2009)  
 

 Hydrological and Industrial Consequences  

It is expected that reduction in water levels of Tigris and Euphrates rivers 
will lead to change in hydraulic section, drop of the ground water level as well as 
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will effect on all kinds of manufacture that depend on water. The most negative 
effect it will be on the hydroelectric stations where it will stop working due to not 
enough water head such as Haditha dam, the same situation will be noticed at 
Mosul dam and Sammarah barrage once Ilisu dam is in operation (Al-Ansari and 
Knutsson, 2011). 

 
2.8 Groundwater  

2.8.1 Present conditions of groundwater in Iraq 

Tigris and Euphrates Rivers and their tributaries are the main water resource 
in Iraq. The agricultural practices are restricted to a narrow strip along the rivers. 
Ground water used for irrigation is very limited in Iraq. 

Local people in Iraq had used hand-dug wells long time ago for domestic use 
of water. Drilling wells and hydrological investigations started during 1920’s in 
Iraq. The investigation shows that there are 14 main aquifer groups available in 
Iraq (Figure 2.4) with 5 hydrological units (Figure 2.5) (Krasny et al., 2006). 

In Jezira region, which contain Sinjar District, there are 25 springs available 
with average discharge of 3 l/s. Several wells were drilled within the Jezira region 
with very low discharge. Some of these wells were abandoned. While the wells 
near rivers banks characterized by better well yields (30 l/s). Jezira 
hydrogeological region contain gypsum beds, marl and thin limestone. The 
permeability changes in both lateral and vertical directions. Groundwater in the 
area is of chloride type. The salinity of ground water is ranging from 3 to 5 g/l and 
strongly increases to reach ten times its value (more than 30 g/l) at the depth of 25 
meter. 

The water table elevation within the area varies from 300 m a.s.l. at high 
recharge areas (Abu Rassain) to 100 m a.s.l. at the tharthar lake location. 
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Figure 2.4: Main aquifers / aquifer groups in Iraq (Krasny et al., 2006). 
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Figure 2.5: Major hydrogeological divisions of Iraq (Krasny et al., 2006). 
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2.8.2 Exploitable Resources and Groundwater Use 

Alsam al. (1990) estimated the ground water resources in Iraq (Figure 2.5 
and in Tables 2.1 and 2.2.). The estimated total water use is about 12 billion cubic 
meters. More than 50% of the ground water is consumed for domestic purposes 
(Table 2.2). 

Investment and optimal use of groundwater in Iraq is still at the beginning 
stage. In Erbil and Kirkuk cities, north Iraq, ground water projects were established 
for domestic and agricultural practices. The maximum working time for wells 
investment that serve irrigation purposes, is about 1600 hours/year. 

In Iraq, there are 8500 drilled boreholes in addition 40000 hand-dug wells. 
The discharge of these wells reaches 87300 l/s (2.7×109 m3/year) with mean 
discharge of about 10 l/s. 

The total available dynamic groundwater resources appropriate for domestic 
and irrigation use are estimated to be 12×109 m3/year. This amount represents only 
20% of the available resources that had been exploited (Alsam et al., 1990). 

It should be mentioned however that groundwater resources of salinity (1-10 
g/l) can be used for industrial, irrigation and some domestic purposes. This will 
supplement the fresh water resources and reduce the deficit in the quantity of the 
fresh groundwater required. Tables 2.1 and 2.2 indicate that the total amount of 
groundwater suitable for domestic use with salinity less than 1 g/l is about 6.3 ×109 
m3/year (Krasny et al., 2006).  

Alsam et al. (1990) calculated exploitable groundwater resources. They 
estimated the quantity of ground water with salinities of 1-3 and 5-10 g/l can be 
used for irrigation and watering livestock are about 3.8 ×109 and 2.25 ×109 m3/year 
respectively. The quantity of more saline ground water (10 g/l) that can be used for 
industrial purposes only is about 1.54 ×109 m3/year. 
Figure 2.6 summarizes the ground water resources and their quality.  
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Table 2.1 Water resources of main aquifer zones of Iraq (Alsam et al., 1990). 

Aquifer 
No. 

Total 
Area 
Km2 

Modulus 
l/s km2 

Resource 
l/s 

Less than 1 g/s 1-3 g/s 3-5 g/s 5-10 g/s 
Area 
km2 

Resource 
l/s 

Area 
km2 

Resource 
l/s 

Area 
km2 

Resource 
l/s 

Area 
km2 

Resource 
l/s 

1 12300 0.75 9225 0 0 0 0 0 0 0 0 
2 1000 0.5 5000 3300 1650 0 0 0 0 0 0 
3 43300 0.5 21650 6400 3200 0 0 0 0 0 0 
4 31800 0.5 15900 0 0 6300 3150 5600 2800 0 0 
5 61200 0.35 21420 0 0 31700 11095 900 315 0 0 
6 18400 0.25 4600 7700 1925 0 0 0 0 0 0 
7 21900 0.4 8760 1300 520 13100 5240 5600 2240 1000 400 
8 6400 0.5 3200 0 0 2700 1350 1500 750 2200 1100 
9 40100 1 40100 0 0 21700 21700 11300 11300 2900 2900 

10 79300 0.75 59475 0 0 200 150 23400 17550 55500 41625 
11 37600 2 75200 0 0 10800 21600 14600 29200 1700 3400 
12 10600 3 31800 3100 9300 1200 3600 1600 4800 0 0 
13 40700 2.5 101750 24300 60750 2000 5000 1200 3000 0 0 
14 24500 5 122500 24500 122500 0 0 0 0 0 0 

 

 

Table 2.2: The total dynamic reserves of water in three categories (domestic, irrigation and 
livestock and unusable) (Alsam et al., 1990). 

Total amount of ground water (billions of cubic meters) and water use 
Sub province Aquifer No Domestic 

1 g/s 
Irrigation & livestock 

1-3 g/s 
Unusable 

3-5 g/l 
Western desert 1,2,3,4,5,7,8 0.23 1.66 0.63 

Jezera 9 0 0.13 0.68 
Baiji-Tib 11 0 0.55 0.92 

Baghdad Basra 10 0 0 0.004 
Foothill zone 12, 13 2.21 1.48 0.270 

High folded zone 14 3.86 0 0 
Total - 6.3 3.82 2.504 
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Figure 2.6: Water use map showing salinity zones and water amount in cubic meters per 
second as scale points (Krasny et al., 2006). 
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3. Review of literature for Rainwater Harvesting (RWH) 
 

3.1 Information Review  

Rainwater harvesting (RWH) is one of the methods that can ensure 
availability of water for winter crops. By this technique, the excess rainwater 
(runoff) is stored in small reservoirs or dams of different sizes to be supplied later 
when required to satisfy the crops requirements 

Several researchers had studied the selection of suitable sites for reservoirs, 
their sizes, and type for RWH technique to be used to suit the goals such as water 
supply, limited power generation and supplementary irrigation. Some of the 
researchers used computer models in their work (e.g. Shinde et al., 2004; 
Kularathna, 2009). Other researchers used the Geographic Information System 
(GIS) to prepare input data for the models used for RWH, (e.g. Al-Daghastani, 
2010). Soil Conservation Service method (SCS) was used by some researchers to 
provide input data for the technique they were using (e.g. Abdurahman, 2009; Al-
Zubi et al., 2010). Saber et al. (2009) proposed and applied a physically based 
distribution hydrological model, based on the Natural Resource Conservation 
Service (NRCS) method to estimate the excess rainfall. The model was applied for 
Wadi Al- Khoud in Oman having an area of 1874.84km2, wadi Ghat in Saudi 
Arabia having an area of 649.55 km2, and Wadi Assiut in Egypt having an area of 
7109 km2. They concluded that the applied model is applicable to estimate the 
surface runoff in arid region.  

Harshi et al. (2010) developed a spatial explicit analysis model referred to as 
Geographical Water Management Potential (GWMP) to optimize the location for 
implementing a comprehensive effective strategy for water management. They also 
used the (SCS) and (GIS) to provide input data for their work. 

Khidir (1999) presented a deterministic conceptual nonlinear model for 
runoff hydrograph for a single storm in northern Iraq. The model consists of three 
main parts. The first part is for estimating excess rainfall based on Runoff 
Percentage method, or SCS method. The second and third parts are to route the 
flow in the overland flow and channel flow respectively. The model was applied 
on two sets of watersheds in northern Iraq for a number of storms. The results 
revealed that the capability of the model in estimating the runoff hydrograph for 
ungauged watersheds.  Haji (2010) applied a mathematical model to estimate the 
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excess rainfall based on Phi index (Ф index) method and NRCS method. The 
model was applied on watersheds in northern Iraq. The results indicated that NRCS 
method can be applied to estimate excess rainfall for ungauged watersheds based 
on watershed characteristics and rainfall data. 

Erturk et al. (2006) applied the WMS for watershed delineation. In addition, 
the WMS was considered to determine some properties (drainage area, 
characteristic length and sub-basin slope) of the watershed of Koycegiz Lake-
Dalyan Lagoon watershed in the southwest of Turkey to be used as input for 
hydrological and pollution diffusion modeling. The results indicated that the model 
was useful and can be dependent for watershed management strategy. Other 
researchers have used the model in different parts of the world and it proved to be 
successful (Owens, 1998; Nelson et al., 1999; Abu Sharkh, 2009; Snobl, et al., 
2001). 

In dry areas, more rainwater will be available for the crops when water 
harvesting is used. It increases the volume of water per unit cropped area, reduces 
dry effect and increases the productivity of rainwater, (Oweis and Hachum, 2003). 

Furthermore, in arid zones, rainfall amounts are not enough for successful 
agriculture production. It was found that, the conjunctive use of rainfall and limited 
irrigation water will greatly enhances the yields and water productivity (Oweis 
et.al., 1999).  

Nasri et al. (2004) studied traditional macro-catchment water harvesting 
system, in Tunisia. The harvesting system significantly reduced peaks of surface 
runoff within the catchment, which also reduced erosion hazards.  

Adekalu et al., (2009) tested the impacts of macro and micro catchments 
runoff harvesting. They stated that using harvested runoff water with supplemental 
irrigation provides twin benefits of minimizing the impacts of dry periods, 
increasing the yields and improving the yields of smallholder farming systems. 
Mzirai and. Tumbo, (2010) conducted a study using macro RWH systems. Their 
results showed that in macro-catchment RWH systems, water use efficiency 
increased crop production up to more than 20 kg ha-1 mm-1 compared to rainfed 
system where water use efficiency can hardly reach 3 kg ha-1 mm-1. 

A study conducted by Agricultural Research Center in Iraq (IPA) and 
International Center for Agricultural Research in Dry Areas (ICARDA) showed 
that both yield and water productivity increased using SI in conjunction with 
rainfall, by using only 68 mm of irrigation water for rainfed wheat, the yield 
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increased in one season from 2.16 T/ha to 4.61 T/ha, i.e. more than 100% (Adary 
et al., 2002). Supplemental irrigation is the process of irrigated crops in rainfed 
areas when the crops experiencing water scarcity, the irrigation levels vary in its 
values which is less than the full water requirements of the crop (100% full 
irrigation) and this is referred to as Deficit Irrigation (DI), which is an important 
way to address the irrigation of crops when the amount of irrigation water is 
limited. 

SI is usually used to achieve several purposes; the most important purpose is 
to reduce the decrease in moisture, reaching to the optimal stability of crop yields. 

In arid and semi-arid regions, neither the water quantity of rainfall alone nor 
the water quantity of SI alone can meet the requirements of the economic success 
of the crops growth. So it was necessary to acquire a combination of rainwater with 
water of SI. In other words, the mechanism of application SI is to supplement the 
rainwater by irrigation water to the level of water that meet either the water needs 
of the crop i.e. full irrigation or at least to meet a selected percentage of it i.e. 
deficit irrigation (Oweis T., 1997).  

Oweis, (1997) defined SI as “the addition of small amounts of water to 
essentially rainfed crops during times when the rainfall fails to provide sufficient 
moisture for normal plant growth, in order to improve and stabilize yields”. 

DI is a strategy for optimizing production, that leads to increased irrigation 
efficiency and reducing its cost as well as yield reduction (English et al., 1990). 

In northern Iraq, 284 farms were used to study the impact of SI on the wheat 
yield. The results showed that SI increased wheat yield by 100% (Shideed et. al., 
2005). It also indicated that large, medium, and small farms have different 
potentials for improving their level of water-use efficiency by 28, 19 and 23 % 
respectively.  

Experiments carried by ICARDA, in northern Syria using SI water to rainfed 
crops, showed that applying 212, 150 and 75 mm of additional water to rainfed 
crops receiving an annual rainfall of 234, 316 and 504 mm respectively, increased 
the yields by 350, 140 and 30% respectively over that of rainfed crops (Oweis and 
Hachum, 2003).    

The effect of SI was on both the yield as well as on water productivity. 
Using limited amounts of SI with rainwater conjunctively, leads to improved 
productivity of both irrigation water and rainwater. In the dry areas the average 
rainwater productivity of wheat grains is up to 0.35 kg/m3 and may increase to 1.0 
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kg/m3 i.e. about 300% by improved management and rainfall distribution. The 
results showed that 1 m3 of water applied as SI at suitable time might produce 
more than 2 kg of wheat grain over that irrigated by rainfall only (Oweis and 
Hachum, 2003).  

Most of the studies that were held did not pay enough attention to examine 
the provision of irrigation water depending on rainwater. Previous work neglected 
the use of water harvesting and its benefits where stored water can be used when 
required by crops.  This study is the first in this field to be applied on Iraq 
considering Macro rainwater harvesting 

In Iraq, water harvesting techniques are not used yet. This work can 
encourage the farmers to use this technique in their practice. 
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4. Methodology 
 

4.1 Study Area 
 

In this research water harvesting modeling were applied twice on Sinjar 
area. Firstly, it was applied on southern Sinjar and secondly on the northern part of 
Sinjar area. 

Sinjar District is a plan area located within Nineveh province in northwest 
Iraq (Figure 4.1a). The whole area is locally referred to as Al-Jazirah (the area 
bounded by the Tigris and Euphrates Rivers north of Tharthar Lake) (Figure 4.2a). 

Sinjar District is bordered from north and west by the international Iraq-
Syria borders and the extension Province of Nineveh from the east and south. Its 
population reaches 21,584. The most prominent terrain is Sinjar Mountain with 
highest peak reaches an elevation of 1400 (m. a. s. l.) (Figure 4.1b and 4.2c).    

Despite the presence of some wells, rainwater is the main source for 
agricultural practices in Sinjar area. 

The nearest meteorological stations to the study area are Rabiah, Sinjar, 
Telaafar and Baaj (Figure 4.1b and 4.2b). The average annual rainfall is about 320 
and 286 mm (Figure 4.3) at the southern and northern Sinjar Mountain respectively 
for the study period of 1990-2009.  

The depths of rainfall are non uniform distribution and the total effective 
depth is insufficient for average yield of wheat and barley. The sufficient rainfall is 
of the order of 300-600 mm/year (Oweis et al., 1999). Despite these facts, there is 
significant quantity of runoff volume that can be harvested for supplementary 
irrigation and other purposes. 

The rainy season extends during November–May. During this season, 
surface water flows in the valleys from Sinjar Mountain toward the Iraqi-Syrian 
border at northern Sinjar Mountain, and flows to the extension Province of 
Nineveh at southern Sinjar Mountain.  

Maximum monthly evaporation is usually recorded in July and reaches 
563.4 mm.  The value drops to 57.4 mm in December. Water consumption for the 
wheat crop ranged from 26.7 mm in December to the 197.6 mm in May 
(NEDECO, 1986; Al Khalidy, 2004).   

The soil in the study area has low organic content and consists of sandy 
loam, silty loam and silty clay loam (Rasheed, 1994). Fields observation indicates 
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that, the catchment area at Sinjar region is one of three types: cultivated land, 
pasture land, and land covered by exposures of hard rocks. The cultivated land 
represents very good farming conditions (Figure 4.2d) and has the ability to 
produce main crops such as wheat, barley and tobacco if water is available.  

Depending on the topography of southern Sinjar Mountain, the drainage 
divides were marked and two of main basins were chosen (Figure 4.1c and 4.1d), 
basin A includes four sub basins and basin B includes three sub basins. Suitable 
sites for the reservoirs were selected for RWH. The same procedure was used on 
northern Sinjar Mountain, six basins without sub basins were selected (Figure 4.4).  

The locations of the reservoirs were selected depending on the drainage area, 
the cross section of the valley (to ensure minimum construction material to be used 
for building the dams) and to minimize evaporation loses and insure the required 
storage was obtained; the ratio of surface area to storage volume was kept to a 
minimum.   

Sinjar district has been chosen as a study area due to the fact that, the 
variables required to apply the RWH are suitable (Gupta, et. al. 1997). The 
selection of the locations of dams to impound harvested rainwater was carefully 
considered. Site having coarse soil or gravel was neglected (Stephens, 2010).  

Details of the sub basins upstream the selected reservoirs southern of Sinjar 
Mountain are tabulated in Table 4.1. The first basin area (A) is about 3475 km2, 
basin slope is about 2.16 % and basin level is 365.7 (m.a.s.l.).The area of the 
second main basin (B) is about 5490km2, basin slope is 1.48 % and basin level is 
292 (m.a.s.l.). Details of selected reservoirs in basin A and B are tabulated 
 in Table 4.2. 

The area of the six basins at northern Sinjar Mountain ranged between 43.48 
to197.7 km2 and average basins slope between 1.2% to 4.8%, mean basin elevation 
between 489 to 632 (m) for the six selected basin. Details of the selected basins 
with reservoirs properties are tabulated in Table 4.3 . 

Crops of barley and wheat were chosen, for the study conducted at southern 
and northern Sinjar Mountain respectively. 
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Figure 4.1: Location of  study area in Iraq (a), location of gauging stations, (b), watershed 
area of Basin A,(c), and watershed area of Basin (B),(d). 
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Figure 4.2: Location maps A- Map of Iraq, B-Location of climatic stations (red spots) at 

northwest Iraq, C- Sinjar Mountain D- Side view of local farm at Sinjar 
district, (source: www.iraqup.com). 

 
 

0

100

200

300

400

500

19
90

-1
99

1

19
91

-1
99

2

19
92

-1
99

3

19
93

-1
99

4

19
94

-1
99

5

19
95

-1
99

6

19
96

-1
99

7

19
97

-1
99

8

19
98

-1
99

9

19
99

-2
00

0

20
00

-2
00

1

20
01

-2
00

2

20
02

-2
00

3

20
03

-2
00

4

20
04

-2
00

5

20
05

-2
00

6

20
06

-2
00

7

20
07

-2
00

8

20
08

-2
00

9

Time (Year)

A
n

n
u

al
 r

ai
n

 d
ep

th
 (

m
m

)

Southren Sinjar Northren Sinjar

 
Figure 4.3: Mean annual rainfall for the period 1990-2009 of Sinjar District. 
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Figure 4.4: Study area at northern Sinjar Mountain (blue shaded area) shown on the map 
of northern Iraq, the plan view shows the six basins together, with enlarge 

map for each basin surrounding the figure. 
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Table 4.1 Details of the sub basins upstream the selected reservoirs at southern Sinjar 

District. 

  

Table 4.2 Properties of selected reservoirs in Basin A and B at southern Sinjar District. 

* The length including a saddle dam.  

Sub-Basin 

Data 

Basin A Basin B 

Sub-

Basin-1 

 

Sub-

Basin-2 

 

Sub-

Basin-3 

 

Sub-

Basin-4 

 

Sub-

Basin-1 

 

Sub-

Basin-2 

 

Sub-

Basin-3 

 

Area (km2) 378 1141 1133 824 4108 854 523 

Average 

Slope % 
1.15 1.58 3.41 1.70 1.25 2.38 1.84 

Mean  

elevation (m) 
283 374 417 359 270 382 311 

 

Reservoir 

properties 

Basin A Basin B 

Reservoir 

1 

Reservoir

2 

Reservoir

3 

Reservoir

4 

Reservoir

1 

Reservoir 

2 

Reservoir

3 

Max. Storage 

(×106 m3) 
25 27 29.5 9.5 96 9.2 7.6 

Maximum 

Depth (m) 
8 10 8.5 4.5 20 7.5 7 

Maximum 

Dam length 

(km) 

0.63 0.75 1.8* 0.93 0.90 1.68* 1.35* 
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Table 4.3 Details of the selected basins with reservoirs properties at northern Sinjar 
District. 

Details 
basin 
No.1 

basin 
No.2 

basin 
No.3 

basin 
No.4 

basin 
No.5 

basin 
No.6 

Basin area (km)2 197.7 97.11 109.87 60.24 43.48 105.79 

Average basin slope % 1.4 3.4 3.1 4.8 4.3 1.2 

Mean basin elevation (m) 540 629 594 625 632 489 

Max. reservoir 

capacity(×106m3) 
2.36 0.58 0.42 1.01 0.26 0.47 

Max. dam length (m)  931 1118* 997 1611* 706 1893* 

Max. dam height  (m) 5.1 4.5 5.7 5.6 5.6 3.5 

        Note/ *the length including a saddle dam 
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4.2 Simulation Models Used 

RWH technique is used, the determination of runoff volume is achieved by 
applying the WMS for selected basins and a linear programming technique for a 
mathematical computer model is adopted to maximize the irrigated area of crop 
depending on total runoff volume that was collected in the reservoirs of dams at 
the outlet of basins. 

The simulation model consists of a number of steps and sub models in a 
series of process; the output of one of them is the main input for the other and so 
on. In the first step DEM was considered to select the best suitable places for 
building the water harvesting dams based on the topography and the geology of the 
area. In this step, the WMS and the Global Mapper Software were applied to view 
the sections of suitable dam sites. These sites were chosen on the higher degree 
stream flow order. Then sites with a reasonable dam length and minimum ratio of 
surface area to storage volume with sufficient storage capacity were selected.  

 
4.2.1 Watershed Modeling System (WMS) 

The main purpose of the WMS is to set up mathematical watershed 
hydrologic models for engineering purpose (Nelson et al., 1994). WMS has the 
ability to simulate the rainfall-runoff process for different conditions based on 
inside standard models such as TR-20, TR-55, NFF, HSPF, MODRAD, HEC-1 
(now HEC-HMS).  

WMS can be operated individually or in combination with GIS data. WMS 
has number of options which can be used by hydrologic engineers to accommodate 
all hydrologic modeling applications, reduce uncertainties associated with model 
set up and decrease model set-up time (Ogden et al., 2001).  

A large group of researchers used WMS to simulate the rainfall-runoff 
process using one of the inside standard models (e.g. Bradley, 1998; Nelson, et al., 
1999; Sonbol et al., 2001). They used standard computer models of HEC-1.   
Erturk et al. (2006) and Abu Sharkh (2009) used standard computer models of 
Rational Method. While Clinton Country Board of Commissioners (CCBC) (1995) 
used computer model TR-20. This model is widely used (Kumar and 
Bhattacharjya, 2011). 
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The selection of a specific model depends on the availability of required 
input data, its accuracy as well as its ability of simulating the watershed. 

TR-20 is an important tool for estimating runoff of watersheds for many 
years. TR-20 is based on the SCS runoff curve number (CN). TR-20 can model 
flow diversion and provides travel time and peak flow output that can be used to 
develop release rates. TR-20 is appropriate for use on the combined watershed. 

In view of these reasons, this model was used in this research to estimate 
runoff volume for the period 1990-2009 at Sinjar area. 

DEMs were used within WMS to generate flow directions by using the 
Topographic Parameterization (TOPAZ) program and automatically delineated the 
watersheds and stream arcs. Then the TR-20 model was applied and runoff values 
were obtained for the individual selected basins.  

The land use (Figures 4.5 and 4.6), were obtained for the selected basin 
based on the map produced by Remote Sensing Center, University of Mosul  
(Al-Daghastani, 2008). Runoff was simulated using WMS with computer model 
TR-20 depending on the SCS runoff CN method. The input data were: dam height 
(m), total area of individual selected basin (m2) and its CN values and daily rainfall 
depth (mm).  

The estimated normal values of CN for the selected basins are tabulated in 
Table 4.4 and 4.5 at southern and northern Sinjar area respectively. 
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Table 4.4 The estimated normal values of curve number (CN) for the selected sub basins at 
southern Sinjar District.

 

Curve number (CN) 
Sub basin 

No.1 
Sub basin 

No.2 
Sub basin 

No.3 
Sub basin 

No.4 

Basin A 74.00 74.81 76.58 75.62 

 

Basin B 75.64 76.27 77.63 - 
 

 

 

Table 4.5 The estimated normal values of curve number (CN) for the selected basins at 
northern Sinjar District.

 

Curve number (CN) 
basin 
No.1 

basin 
No.2 

basin 
No.3 

basin 
No.4 

basin 
No.5 

basin 
No.6 

Northern Sinjar 83.28 82.37 77.71 79.11 79.69 76.72 
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Figure (4.5): Land use maps for Basin (A) and Basin (B) for southern Sinjar District. 

 

 

 

Figure 4.6: Land use map for the six basins for northern Sinjar District. 
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4.2.2 Runoff and SCS method   

For the selected dam sites, daily rainfall data was considered to estimate the 
runoff hydrograph for each single storm based on WMS. The runoff hydrograph 
was the major input flow to the selected reservoir sites. The considered runoff 
model was based on SCS CN method (Chow et al., 1988).  The main purpose of 
this method is to determine direct runoff depth from individual storm rainfall depth 
and it is widely used by many researchers (Ponce, and Hawkins, 1996).  

The hypothesis of the SCS method is that the ratio of actual retention to 
potential retention is equal to the ratio of actual runoff to potential runoff (Figure 
4.7) and this lead to the following equation (Chow, 1988).  

 

)(

)( 2

SIP

IP
Pe

a

a




                                                                                             Eq. (1) 

 

Where: 

runoff;direct or  rainfall excess ofdepth Pe  

 rainfall; daccumulateP retention. maximum potential =S  

 n);abstractio (initialoccur   willrunoff nofor which  rainfall =aI  

In 1985, after studying several small experimental watersheds, SCS suggested that 

 

SIa 2.0                                                                                                          Eq. (2) 

 

Putting equation (2) in (1) gives: 
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The SCS found curves by plotting accumulated rainfall against direct runoff 
(Figure 4.8) using data from several watersheds, to standardize these curves. 
A dimensionless CN is defined and ranged between 0 and 100. 
Here 

and; surface water aor  surface imperviousan represent  100=CN  

surface. natural afor   validis  than100lessCN   

The relation between the potential retention and the curve number is given by: 

 

)(

)*101000(

CN

CN
S


                                                                                        Eq. (4) 

 

The original CN method was developed in U.S. customary units (in.); an 
appropriate conversion to SI units (cm) is possible (Ponce 1989). 

For this work, curve number values are estimated for each basin depending 
on the land use, land cover and soil type.  

The weighted average CN values were estimated depending on the area of 
specific land use as a percent of total basin area, as well as, calibrated for AMC for 
dry, average, and wet conditions according the antecedent rainfall depth for the 
five days. Dry condition will achieve if the total five days rainfall depth was less 
than 35 and 12.7 mm for growing and dormant season respectively and wet 
condition will achieve if the total five days rainfall depth is greater than 53 and 28 
mm for growing and dormant season respectively (Chow et al., 1988).  

CN value modified for dry and wet conditions using the following equations 
Chow et al., (1988) as:  
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I CN

CN
CN
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                                                                                 Eq. (5) 

And  
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II

II
III CN

CN
CN

*13.010

*23


                                                                                  Eq. (6) 

 
In which:  

ICN : is the curve number for dry condition;   

IICN : is the tabulated curve number, (Soil Conservation Service 1972, chap. 9), 

(Chow, 1988, chap. 5). 

IIICN : is the curve number for wet condition. 

CN method depends on one main coefficient which is CN, which represent 
the characteristics of the catchment area, soil type and classification, land use and 
methods of treatment, the condition of the surface hydrological and soil moisture 
content at the fall of rain. CN method is reliable and easy to apply, and applicable 
in many countries of the world (Pons and Hawkins 1996).   

The disadvantages of CN method are that, it is initially developed for 
agricultural regions before extended to be applied on urban regions with the 
condition that it should be without base flow when estimating excess rainfall. As 
well as, the method is sensitive to curve number value for the areas having low 
curve number and or low rainfall depth (Pons and Hawkins 1996).  

Melesse et al. (2003) estimated the runoff based on CN method,  the results 
indicates that the model predict the runoff volume with model efficiency of 98% 
for rainfall depth not less than 12.75 mm and they conclude that it can be applied 
to predict runoff hydrograph for ungauged  watershed. 

Although there are disadvantages on CN method but they are inapplicable on 
the studied area due to its nature which is agricultural land, and according to the 
runoff flow, there is no base flow and the curve number value is not low (Table 4.4 
and 4.5). 
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Figure 4.7 Variables in the SCS method of rainfall abstraction :  
Ia= intial abstraction, pe=rainfall excess, Fa=continuing abstraction, p= total rainfall.  

after (Chow, 1988) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Solution of the SCS runoff equations  
( source: Soil Conservation Service, 1972, Fig. 10.1 p. 10.21) after (Chow, 1988). 
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4.2.3 Supplemental Irrigation Model   

By Matlab software, the irrigation water requirements for the crop, using SI 
can be estimated for each day of the planting season. The estimation is based on 
rainfall depth, soil water storage and crop water requirements by the following 
equation: 

 
AVWCONUSERID    ,   when AVWCONUSE                                    Eq. (7) 

 
In which: 

RID required irrigation depth (mm).  

CONUSE consumptive use for the wheat crop (mm). 

AVW =available depth of water in the root zone, (mm). 

If the consumptive use for the wheat crop was less than available depth of 
water in the root zone, then the required irrigation depth is equal to zero. 

The available water in the root zone can be calculated from: 
 

100

*TAWPAW
AVW                                                                                         Eq. (8) 

 

 In which: 

PAW = Percentage of the available water or percentage of the depletion, 
considered = 50% (Ministry of Agriculture, Food and Fisheries, 2002).  

TAW = total available depth of water in the root zone, (mm). 

Total available depth of stored soil water depends on plant root depth, and 
the available water capacity of the soil (AWCS). This is given by the Ministry of 
Agriculture, Food and Fisheries (2002), based on soil type. It can be calculated 
from the following formula: 
 

RZDAWCSTAW *                                                                                      Eq. (9) 
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In which: 

AWCS  = available water capacity of the soil (mm/m). 

RZD = root zone depth, (mm). 

The depth of the root zone RZD  was calculated by the equation (10) 
developed by Borg and Grimes (1986): 
 

)47.1))/(*03.3(*5.05.0(*  DTMDAPSinRDmRZD                         Eq. (10) 

 
In which: 
DAP = current day after planting; 

RDm  = maximum rooting depth (mm);  

DTM = number of days to maturity;    

Sin = a trigonometric function. 

For the study area of northern Sinjar Mountain, when applying DI 50% and 
25% of full irrigation requirements, consider the water required is 50% and 75% of 
crop consumptive use respectively. 
  

4.2.4 The Optimization Model 

A linear programming computer model technique (based on Matlab 
software) has been used to maximize crop area that could be irrigated by 
supplemental (100% crop water requirement satisfaction) and deficit irrigation 
(50% and 25%) of full irrigation requirements depending on total runoff volume 
that is collected in a reservoir for each basin.  

For rainy days, all the volume of runoff, collected from the catchment area 
of a certain basin, enters the reservoir. It was estimated by using WMS, depending 
on available daily rainfall data. The volume of the individual reservoir was 
calculated also using WMS function relationship of elevation volume considering 
the maximum height of the dam.   
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The objective function is to maximize the total cropped area (A), which 
could be irrigated using the harvested runoff water volume that was collected in the 
individual reservoir. 

 
)(.)( AObjFuncMAX                                                                                    Eq. (11) 

 
.ObjFunc = value of objective function. 

A = irrigated area. 

The objective function is subject to some constraints. Among these is the 
volume balance equation, for daily intervals which can be expressed as follows: 

 

jtjnjvjv OISS )()()()( 1                                                                          Eq. (12) 

 
In which: 

1)( jvS =Storage volume at the end of time interval (j) (m
3). 

jvS )( =volume of storage at the beginning of time interval (j) (m
3).  

jnI )( =volume of Inflow to the reservoir during the time interval (j) (m
3). 

jtO )( = volume of outflow during the time interval, (j) (m3), i.e., irrigation water, 

volume of evaporation, and spill water.  

The outflow volume jtO )(  at the time interval (j) can be expressed as 

follows: 
 

)()()()( pjVresjRjt SEDO                                                                      Eq. (13) 

 

In which; 

jRD )( = volume of demand i.e. irrigation water at time interval (j), (m
3);  

jVresE )( = volume of evaporation loss from the reservoir (m3).  
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)( pS = volume of spilled water through time interval (j), (m
3). 

The constraints of storage capacity are:  
 

jVS )(  MinV  ……………. j= 1, 2, 3… n                                                    Eq. (14) 

 
And 
 

jVS )(  MaxV  ……………. j= 1, 2, 3… n                                                    Eq. (15) 

 

In which: 

MinV = minimum storage capacity of the reservoir, (m3). 

MaxV = maximum storage capacity of the reservoir, (m3). 

 n    = number of time intervals.  

For the study area of southern Sinjar Mountain, Two scenarios of operation 
were considered for each main basin. In the first, each reservoir was operated as a 
separate unit where the needed Optimization Model as described above. While in 
the second; all reservoirs in a basin were operated as one system. In this case, the 
area of the land that can be irrigated will be equal to the summation of the irrigated 
area that can be irrigated with water of the individual reservoir. Thus the objective 
function and the water balance (constraint) equation becomes as follows: 

 





n

i
iACBMax

1

*)(                                                                                   Eq. (16) 

 

Where: 

B : Value of objective function; 

C : Yearly benefit from each unit of planting area (this value must be considered if 
there is more than one crop considered in the study area);  
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iA : Planting area that can be supplied by irrigation water requirements for 

reservoir i, and 

n  : Number of reservoir operated as one system, and equals to 1 in scenario one of 
operation.  

Also, the case with Outflow (spillage) volume may become from a number of 
reservoirs, that located upstream of reservoir i for the time interval, therefore the 
water balance (constraint) equation becomes as follows: 

 

jijij

nr

k
jkjijiiji OUTEVARIDOUTRUNSS ,,

1
,,,1, .  


                   Eq. (17)  

 

Where: 

jiS , : storage volume at reservoir i at the beginning of time interval j; 

1, jiS : storage volume at reservoir i at the end of time interval j; 

jiRUN , : runoff volume enters to reservoir i, for the time interval j; 

jkOUT , : outflow (spillage) volume from the number of reservoirs nr , that located   

upstream of reservoir i for the time interval j;  

jiEV , : volume of evaporation loss from reservoir i for the time interval j; 

jiOUT , : spillage volume of water from reservoir i for the time interval j. 

The above equation was applied for each reservoir and the number of these 
constraints was equal to the number of time intervals times the number of dams 
working as a one flow system considering the same constraints of storage capacity 
i.e. equations (14 and 15) 

This type of constraint (equations 14 and 15) were applied for each reservoir 
at each time interval. 

 
 



  44

4.3 Runoff Model Evaluations 

In order to apply the runoff model in the studied area, it was calibrated using 
the data of a watershed in the same area with measured of rainfall and runoff flow 
rate. The selected watershed had an area of 53.77 km2, average basin slope of 
7.2%, basin length of 17.7 km and basin elevation 554.1 m.   

Three runoff hydrographs were observed for three single storms for the rainy 
season 1991-1992 (Rafik, 1993 in Khidir, 1999). These storms, in addition to soil 
type and land use, were used as the input data for the WMS to estimate the runoff 
hydrograph and volume.  Figure 4.9 (a) (b) and (c) shows the observed and 
simulated hydrographs for the three storms considered. The results of simulated 
hydrograph were evaluated based on model efficiency and t-test for both flow rate 
and total runoff volume for each storm.  

Table 4.6 shows the data for each storm and the values of the considered 
evaluation criteria. The values of model efficiency for runoff hydrographs gave 
good results for all considered hydrographs. The t-test values were less than the 
tabulated values (0.1 limits), which indicate that there were no significant 
differences between the measured and simulated flow rate for the different 
hydrographs. For the simulated runoff volume, the three considered hydrographs 
gave model efficiency of 84.2%, while the t-test values for the runoff volumes 
were 0.34 indicating that also there was no significant difference between the 
measured and simulated values. The runoff volume was the most important factor 
in this study which represents the inflow for each reservoir and the main input for 
the optimization model. The runoff model was used with confidence due to the 
results obtained from the above evaluation.  
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Figure 4.9 (a): Observed (measured) and simulated hydrograph for storm-I. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 (b): Observed (measured) and simulated hydrograph for storm-II. 
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Figure 4.9(c): Observed (measured) and simulated hydrograph for storm-III. 

 

Table 4.6 The rainfall storm data and the values of considered criteria for flow rate 
hydrograph. 

Storm 
number 

Rainfall depth 
mm. 

Duration 
hr. 

Flow rate evaluation 

t-test 
Model 
Efficiency 

1 24 4 -0.5 79.9 

2 25 7 0.21 95.4 

3 23 3 0.2 72.3 
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4.4 Model Applications 

After selecting the proposed reservoirs sites, the WMS was applied in the 
first stage for each selected reservoir location for each basin to predict the runoff 
volume for each single rainfall storm for the period 1990-2009.  

The crop growth season in the study area starts November-December and 
ends May-June and begins when the rainfall on the basins reaches a proper depth 
10±2 mm. 

The details of each selected reservoir are shown in Table 4.2 and 4.3.  
 
4.4.1 Southern of Sinjar Mountain 

The accumulative equivalent runoff for each selected reservoir location of 
the considered period was drawn in figures 4.10 (a) and 4.10 (b), with annual 
rainfall for basins A and B respectively. One seasons was neglected (2002-2003) 
due to missing data.  

Then Supplemental Irrigation Model was applied to estimate the daily 
irrigation water requirements for the barley crop based on rainfall, soil water depth 
and planting stage.  

The estimated runoff volume for each daily rainfall was considered as input 
data for the optimization model to minimize the storage volume for each selected 
reservoir. The maximum irrigated area can then be supplied with full irrigation 
requirements.  

The optimization model was operated in two scenarios. In scenario one, for 
each sub basin area, the selected reservoirs were operated as individual storage 
system. It should be mentioned however that the upstream reservoirs outflow was 
considered as inflow for the downstream reservoir in addition to runoff volume 
from the watershed in between the two reservoirs.  

The infiltration loss for the spill flow in between the successive reservoirs 
was neglected due to its low value which was not effective where the flow 
occurred in wet days and the stream bed was saturated after days of continuous 
rain, also the evaporation was neglected due to low temperature, high relative 
humidity during wet days and limited flow surface area.  

The length of barley growing season was about 180 days. Therefore, for 
each reservoir, the number of constraints of equations 17, 14 and 15 was equal to 
the season length for each equation, while the number of variables was about 362. 
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The resultant irrigated area for each growing season (year) was drawn in figure 
4.11 (a) and 4.11(b).  

In the second scenario, the reservoirs of each basin were operated as a single 
system with limited storage for each one and the objective function was to 
maximize the summation of the irrigated area for each one. In this case, the 
number of constraints was the same as in case one, times the number of reservoir 
operated as one system. The resultant irrigated area for each reservoir and for the 
total of all reservoirs in one system is shown in figure 5.1 (a) and (b). Reservoir 
sedimentation was considered minimal due to the fact that the area is wholly 
covered with limestone. 
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Figure 4.10(a): Accumulated yearly rainfall on Basin (A), with equivalent runoff depth for  
 reservoirs, 1, 2, 3 and 4 for studied period. 

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Figure 4.10 (b): Accumulated yearly rainfall on Basin (B), with equivalent runoff depth for      
 reservoirs, 1, 2 and 3 for studied period. 
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Figure 4.11(a): Resultant irrigation area for reservoirs 1, 2, 3, and 4 of Basin (A)  
for studied period (scenario 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.11(b): Resultant irrigation area for reservoirs 1, 2, and 3 of Basin (B)  
for studied period (scenario1). 
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4.4.2 Northern of Sinjar Mountain 
Same procedures that were used at southern Sinjar Mountain were followed 

but with the following differences:  
WMS was applied for each single rainfall storm for the six selected basins to 

find out the runoff as a volume of water which can be collected and stored in the 
reservoirs. The accumulative runoff volume for each selected reservoir location of 
the considered period was drawn in figure 4.12.   

The growth season in the studied area is normally about six months (170 
days). The growing season for wheat varies from about 100 to over 250 days in the 
Mediterranean basin (Kassam, 1981; Smith and Harris, 1981). Two seasons were 
neglected (2002-2003 and 2007-2008) due to missing data.   

Three irrigation scenarios were used assuming SI 100% of crop water 
requirement and two DI 50% and 25% of full irrigation requirement to estimate the 
daily irrigation water requirements based on rainfall, soil water depth and planting 
stage.   

The optimization model was applied considering the selected reservoirs were 
operated as individual storage system. To find out the maximum cropped area for 
each reservoir and for each irrigation scenario for 17 agricultural seasons during 
the years 1990-2009, depending on the runoff volume that was stored in the 
reservoirs.  

The most important factor that influences the total cropped area is the 
availability of sufficient rainfall water with good spatial distribution over the 
season. In such a case, water can be stored in the reservoirs and used to irrigate the 
crop. The resultant irrigated area for each growing season was drawn in figures 
4.13 (a), (b) and (c) for the three irrigation scenarios. 
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Figure 4.12: Run off volume output of (WMS) for the individual selected basins. 

Figure 4.13-a: Wheat cropped area using supplemental irrigation scenario (100% of full irrigation 
requirement) for the individual selected basins. 
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Figure 4.13-b: Wheat cropped area using deficit irrigation scenario (DI of 50% of full irrigation 
requirement) for the individual selected basins. 

Figure 4.13-c: Wheat cropped area using deficit irrigation scenario (DI of 25% of full irrigation 
requirement) for the individual selected basins. 



  54

5. Results and Discussion 
 

5.1 Sinjar District 

Sinjar area is considered very suitable for agricultural practices. However, 
the area suffers from water shortages where there are limited ground water wells 
and no rivers in the region. These facts forced the farmers in the area to depend on 
rainwater for their agricultural practices. The inconsistency of rainfall and its 
variation with time resulted in a weak economic payback.  

Study of the rainfall record for the study area shows that the quantity and 
distribution of rainfall varies greatly during a single season, as well as the 
differences between different seasons. This led to failure depending on rainwater to 
achieve the economic yields.  

Previous studies in different parts of the world indicate that the economic 
crop yields of wheat and barley requires an annual depth of rain between 300-
600mm, which does not take place in the Sinjar District.  

To have good crop yields, the Iraqi farmers should find a permanent source 
of water. RWH technique can be adopted in this area to overcome part of the 
difficulties in agricultural practices.  

 
5.2 Southern of Sinjar Mountain 

The results for the runoff model at southern of Sinjar Mountain showed that 
there was an effective quantity of runoff which can be stored in the suggested 
reservoir sites. Fig. 4.10 (a) and (b) showed that the equivalent runoff was ranging 
between 0 to 68.7 mm. Consequently, based on rainfall and resulting runoff values, 
the runoff coefficients were 0% for dry year and 16.6% for wet year. This 
coefficient changes from sub basin to another based on the differences in basin’s 
properties. The runoff volume or coefficient was also changing tremendously from 
season to season although the total rainfall depth was more or less the same.  In 
general, the equivalent runoff depth of sub-basins within basin-A, was that, the 
values for sub-basin three was greater than four, which was greater than two, and 
two was greater than one for all the considered years as shown in figure 4.10 (a). 
This was due to the effect of the curve number. This number was changing with 
antecedent moisture conditions. It should be noted that the basin having the 
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maximum value remained the maximum relative to the other sub-basins. Also for 
basin-B, the equivalent runoff depth for sub-basin one was greater than for sub-
basin two, which was greater than that of three for all considered years as shown in 
figure 4.10(b) due to the same reason mentioned above.  

In scenario one of operation, the reservoirs were operated individually. The 
resultant maximum irrigated area for basin A was 12725, 13661, 14875, and 4709 
hectares, while the average values were 1377, 2656, 3130, and 1067 hectares for 
reservoirs 1, 2, 3 and 4 respectively (Fig. 4.11(a)).  The maximum total irrigated 
area was about 45970 hectare and the total average value was 8230 hectares. For 
basin B, the maximum irrigated areas for each reservoir were 3805, 4648 and 
49554 hectares, while the average values were 1300, 1580, and 7860 hectares for 
reservoir 1, 2 and 3 respectively (Fig. 4.11(b)).  The maximum total irrigated area 
for the entire reservoirs in watershed B was 58007 hectare, while the total average 
values was 10740 hectares.   

The resultant irrigation areas in figures 4.11(a) and 4.11(b) for basin A and 
B respectively were usually bigger for the reservoir having maximum storage 
capacity as reservoir one in basin B. The smaller reservoirs having no significant 
difference in size (e.g. one and two in Basin A and two and three in Basin B) 
showed low increase or decrease in irrigation areas. In all these cases, there were 
no big differences in their results.  

This increase or decrease in irrigation area was due to the fact that the 
resulting area does not depend only on reservoir size, but also the equivalent runoff 
depth, watershed area for that basin and the effect of evaporation loss which 
depends on reservoir surface area. In addition, to the runoff volume and its 
distribution within the rain season, that might be concentrated in short successive 
periods or distributed along the season.   

In scenario two of operation strategy, all reservoirs in each basin (A, and B) 
were operated as a one system for each considered year. This meant that the 
objective function was to maximize the sum of irrigated area of each reservoir. The 
results of this scenario showed that the irrigated areas in this operation were greater 
than or equal to the sum of irrigated area for scenario one for all years (Figure 
5.1(a) and (b)). The maximum and average irrigated areas for basin A were 46147 
and 9380 hectares respectively, with a maximum increase in irrigated area of 
59.3% and average increase in irrigation area was 11%. For basin B, the maximum 
and average irrigated areas were 58170 and 11740 hectares respectively, with a 
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maximum increase in irrigation area of 28.5% and average increase in irrigation 
area was 4.4%.           

In the second scenario of operation, the total irrigated area was equal to the 
irrigated area of downstream reservoir most of the years. This reservoir received 
and stored the water from upstream reservoirs to satisfy the irrigation requirement. 
This meant that the upper reservoirs for both basins were operated as temporary 
storage reservoir that store the water in rainy days when the runoff was high and 
cannot be stored in the lower reservoir. The stored water was released gradually 
from the upper reservoirs to the utmost lower one. This reduces the evaporation 
losses, i.e. the water was stored in the reservoir within the system having the 
minimum values of ratio of surface area to storage volume. As a result, the total 
irrigated area for each season was equal to or greater than that in scenario one of 
operation as separated reservoirs. 
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Figure 5.1 (a): Total irrigation area for reservoirs 1, 2, 3 and 4 of Basin (A) for scenario 1 and 2 at 
southern Sinjar. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 (b): Total irrigation area for reservoirs 1, 2, and 3 of Basin (B) for scenario 1 and 2 at 
southern Sinjar. 
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5.3 Northern of Sinjar Mountain 

Figure (5.2) shows rainfall distribution during maximum and minimum 
seasons within the studied period. It can be noticed that during maximum rainfall 
season (1995-1996), total rainfall reached 478.1 mm (Figure 4.3).This took place 
during 58 days and the maximum daily rainfall reached 49.5 mm. The maximum 
period of no rain lasted 19 days while the overall period of no rain during the 
season was 112 days out of 170 days, which represent the season for wheat 
growing. In the relatively driest season (1998-1999), however, the total rainfall 
reached 110.1 mm (Figure 4.3), which took place during 31 days and the 
maximum daily rainfall reached 19.5 mm. The maximum no rain period lasted 69 
days while the overall period of no rain was 139 days. 

High agricultural production has no simple direct relationship with high 
rainfall event. It is very important to have good distribution of the rainfall events 
along the growing season rather than having high rainfall storms not well 
distributed. In some cases, rainwater is available but cannot be used, i.e. the region 
might have high rainfall storm which fills the reservoirs followed by another storm. 
The water of the other storm will be of no use in such cases, where most of the 
water runs through spillway. Another case that might takes place is when having 
large quantities of rain water at the middle or end part of the growing season which 
means that, depriving the crop of these quantities which cannot be used for 
irrigation during the early growing season.  

All six basins have identical characteristics. In such a case, the most 
influential factors were the size of the catchment area, the distribution and amount 
of rainfall, the produced runoff water volume, in addition to the reservoirs size and 
the evaporation loss from its surface area. The total volume of harvested runoff for 
all basins together for the studied period ranged from 0.6×106 m3 (1998-1999) to 
42.4×106 m3 (1995-1996) (Figure 5.3).  

The reasons that lead large annual runoff volume that took place during the 
season 1995-1996 (Figure 5.2) were the heavy annual rainfall (478.1 mm) with 
sequent strong rainstorms that took place in short time intervals helped to prevent 
land surface to be dry and that kept maintaining antecedent moisture conditions of 
the ground surface at high level, and that will reduce water losses through the 
ground surface (infiltration). In addition, the effect of the curve number which 
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Figure 5.2: Rainfall distribution events at northern Sinjar, during maximum rainfall seasons  
(1995-1996) and minimum rainfall seasons (1998-1999). 

 
 

 

Figure 5.3: The total irrigated area of crop for all basins together for the three scenarios of SI of 
100%, DI of 50% and DI of 25%, of full irrigation requirement and the total volume 

of harvested runoff for all basins together for the studied period. 
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changes with antecedent moisture conditions leads to the accumulation of the 
volume of runoff which is directed to the reservoirs by gravity.   

The volumes of water that can be collected and part of it stored in the 
reservoirs were 17.3, 7.7, 6.1, 2.8, 3.5, and 5.0 (×106 m3) for the basins number 1 to 
6 respectively for the season 1995-1996 (Figure 4.12).   

The remaining runoff was lost through spillway of dams. These quantities of 
water can be used for the purpose of recharging ground water instead of losing it.  

The minimum runoff volume achieved was during 1998-1999 where the 
annual rainfall was 110.1 mm. For this value, the volumes of stored water in the 
reservoirs were 0.35, 0.13, 0.03, 0.04, 0.03, and 0.02 (×106 m3) respectively (Figure 
4.12).  

As expected, the results showed that the most important factors that 
increased irrigated area were water volume that was collected as runoff in 
reservoirs especially in suitable time for the seasonal growth. For the supplemental 
irrigation, the results indicated that for SI of (100% crop water requirement 
satisfaction), the largest irrigated area was 1928.9×104m2 during the season (1997-
1998) at basin (1), while the least irrigated area was 0.3×104m2  during the season 
(1998-1999) at basin (3) (Figure 4.13-a).  

For the DI of 50%, the results showed that the largest and least irrigated 
areas were 22629.9×104 m2 (2000-2001) at basin (1) and 0.7×104m2 (1998-1999) at 
basin (3) respectively (Figure 4.13-b).    

In the case of DI of 25%, the results showed that the largest and least 
irrigated areas were 3467.8×104 m2 (1997-1998) at basin (1) and 0.4×104 m2 (1998-
1999) at basin (3) respectively (Figure 4.13-c).  

Al-Zubi, et al., (2010) stated that runoff is a function of precipitation, soil, 
surface cover, elevation of the catchment area and slope. The model results, 
however, showed that time directly affects the irrigation process and indirectly the 
area to be irrigated. In such certain occasions, rainfall produced enough amount of 
runoff but that will take place after two months of the start of seeding which cannot 
be used for irrigation and lead to minimize irrigated area, such as basin (3) through 
season (1993-1994), where the runoff volume was up to 1.08×106m3 while the 
irrigated areas were 1.13, 2.84 and 1.62 (×104m2) for supplemental irrigation 
(100%) and deficit irrigation of (50% and 25%) respectively.  

It should be mentioned however that the area of the catchment can play an 
important role in increasing runoff where large catchments produce more runoff 
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water in case the rainfall depth is about 13.5 mm. This value has been identified 
based on observing the depths of the rain that supplied to the runoff model. 

Other occasions, such as long time periods of no rain, will negatively affect 
runoff and lead to decrease it where the soil will be dry and require more water to 
generate runoff. 

The resultant irrigation areas (Figure 4.13-a) were usually larger for the 
reservoir having maximum storage capacity (Table 4.3). For the maximum  
rainy season 1995/1996, the irrigated area for the reservoir one through six reached 
up to 849, 205, 154, 387, 94 and 167 (×104 m2) respectively for irrigation  
scenario of 100% of full irrigation requirement. Same results produced with 
irrigation scenarios of 50% and 25% of full irrigation requirement, (Figures 4.13-b 
and 4.13-c). 

Generally, the results (Figures 4.13-a, 4.13-b and 4.13-c) show that the use 
of deficit irrigation of 25% or 50% leads to an increase of the cropped area 
compared with that when using supplemental irrigation of 100% crop water 
requirement satisfaction. When comparing the resultant areas of deficit irrigation, 
it is believed that deficit irrigation of 50% is more beneficial.   

The results of total irrigated areas of crop for all basins together were 
14.5-3663.7 (×104m2) for the scenario of SI of 100%, 33.0-39827.1 (×104m2) for 
the scenario of DI of 50% and 20.1-7314.0 (×104m2) for the scenario of DI of 25% 
of full irrigation requirement.  

Comparison between using scenario of DI of 25%, DI of 50% and scenario 
of SI of 100% of full irrigation requirement, for all basin together, show that there 
was an increased average in irrigated area when using scenario of DI of 25% 
reached to 57%, while it reached to 291% for DI 50% of full irrigation 
requirement, (Figure 5.3) 

It should be mentioned however that, the increase of the irrigation areas by 
using deficit irrigation is coupled with reduction of wheat grain yield per unit area 
due to reduction of irrigation water. Despite this fact, reduction of wheat grain 
yield per unit area will be compensated by increasing the total irrigated area.  
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6. Future Study 
 

6.1 Rainwater Harvesting and Groundwater Recharge 
 

Despite the presence of some wells at Sinjar District, the rainwater is the 
main source for agricultural practices in Sinjar area. 

Sinjar District is located at Nineveh province northwest of Iraq, which is part 
of rainfed areas, and famous for cultivation of wheat and barley crops in addition 
to Tobacco. 

Some of the wells are spread in Sinjar District located in the section of the 
private property of the population of the region and the other section drilled by the 
government in land owned by the Iraqi government. 

Discharge of these wells is limited and its water used in the daily need by 
humans and livestock watering while some of wells may dry in summer. 

RWH system may represent an effective water source to recharge ground 
water using the spilled water when runoff volume that collected in reservoirs 
exceeds the reservoir capacity. The groundwater may represent an effective 
support system for supplemental irrigation process associated with RWH system 
when reservoirs are about to be empty. 

The studies conducted on Sinjar District (paper I and II) indicate that, the 
results of optimization technique showed that the available runoff water was even 
more than the storage capacity of the suggested reservoir. Depending on this fact, 
these excess quantities of water can be used to recharge groundwater in the area. 

The advantages of the recharging groundwater are: increasing the amount of 
groundwater, storing the water inside the ground for future use and the abolition of 
the loss water amount by evaporation. Due to the fact that the rainy season might 
come late, farmers can use ground water to start the planting season.  

In this research, an attempt will be carried out to calculate the amount of 
excess harvested water that can be used in artificial recharge. In addition the best 
suitable technique to recharge the aquifers will be discussed. Furthermore, ground 
water quantities that can be used in critical irrigation conditions are to be 
evaluated. The above will inevitably help to have safe agricultural practices where 
crops will not suffer from water shortages. 
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6.2 Rainwater Harvesting and its Role in Increasing Crop Productivity 
 

The productivity of the rainwater can be significantly improved by applying 
a specific technique such as Macro RWH based on availability of a surface 
reservoir. This will increase the productivity of the agricultural land especially 
when it is combined with specific irrigation system, such as SI and DI.  

 A study conducted by IPA and ICARDA showed that both yield and water 
productivity increased using SI in conjunction with rainfall, (Adary et al., 2002). 

The studies conducted on Sinjar District (paper I and II) and the results of 
estimating the runoff volume showed that there was significant amount of annual 
runoff. This means that, the runoff volume can be considered for supplementary 
irrigation to maintain and increase the yearly yield of different winter crops. 

There was an increase in irrigated area for southern Sinjar part in scenario 
two of operation reached to 11 and 4.4% as an average value for basins A and B 
respectively.  

For northern Sinjar part, there was an average increase of irrigated area 
using scenario DI of 25%, instead of SI of 100% reached to 57%, while for DI of 
50% it reached up to 291%.  

The implementation of water harvesting in this area seems to be very 
effective and large area can be used for agricultural practices. 

In this research, it will be carried out to calculate the annual yield of 
different winter crop (wheat) produced by different scenarios of supplemental 
irrigation of 100%, deficit irrigation of 50% and 25% of crop water requirement 
satisfaction. Then to find the best supplemental irrigation scenario that gives the 
best results, two methods are used for this evaluation. The first is using ICARDA 
chart to find the yield of wheat and barley, while the second method is using the 
model given by IPA and ICARDA.  
 
6.3 The Impact of Forecasting to Improve Rainwater Harvesting. 
 

In rainfed regain, the most important factors influencing the decision of the 
farmers to grow wheat and barley are rainfall timing (i.e. starts and end rainfall 
events), rainfall distribution and total amount of rainfall. 
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Prior knowledge of these factors helps to produce successful rainfed 
agriculture. In this aspect, forecasting can be served initially to enrich the 
information about the rainfall data.  

The meteorological data available has relatively long record. These data will 
be used to forecast the expected amount of rainfall for at least the next five years. 
The forecast can help farmers and decision makers to plan for future agricultural 
practices in the area. Rainfall forecasting is used to show the expected amount of 
rain in the near future. This will give the farmers an idea about how to plan their 
planting season where they will have an idea of the area they expect to cultivate in 
the near future. 
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7. Conclusions 

Farmers in Iraq are suffering from water shortages. Application Macro RWH 
will help to minimize the water crises in Iraq. The technique has been tested in a 
WMS on Sinjar District area to see the capability of the area to harvest rainwater.  

The results for estimating the runoff volume showed that there was a 
significant amount of annual runoff equivalent depth having an average value of 
9.1 to 19.1mm for different sub-basins for the studied period at southern part of 
Sinjar Mountain. While the results at northern of Sinjar Mountain show that the 
annual runoff equivalent depth having an average value of 17.9 to 34.8 mm for 
different basins for the studied period.  

Thus, the total estimated annual runoff volume for the studied period at 
Sinjar was 129.22×106 m3 (south 112.55×106 and north 16.67×106 m3).   

 This indicates that the runoff volume can be considered for supplementary 
irrigation to maintain and increase the yearly yield of different winter crops.  

For the southern part of Sinjar, two scenarios of reservoirs operation were 
used with supplemental irrigation of 100% of full irrigation requirement. The 
results of total maximum irrigated area for scenario one of operation was about 
45970 hectares for basin A with an average value for the considered period of  
8230 hectares. While for basin B, the total maximum and average irrigation areas 
were 58007 and 10740 hectares respectively.  In scenario two of operation, the 
total maximum and average irrigation area were 46147 and of 9380 hectares 
respectively for basin A. For basin B, the total maximum and average were 58170 
and 11740 hectares respectively. 

There was an increase in irrigated area in scenario two of operation reached 
to 11 and 4.4% as an average value for basins A and B respectively. The 
implementation of water harvesting in this area seems to be very effective and 
large area can be used for agricultural practices.  

In both cases of operation, the results of optimization technique showed that 
the available runoff water was even more than the storage capacity of the 
suggested reservoirs. In view of the results, it is believed that scenario two is more 
beneficial. 

In northern of Sinjar Mountain, the optimization technique was used to 
maximize irrigated crop area. Three different irrigation scenarios were considered 
i.e. SI of 100%, DI of 50% and 25% of full irrigation requirement respectively.  



  66

The results of total irrigated areas of crop for all basins together were 
14.5-3663.7 (×104m2) for the scenario of SI of 100%, 33.0-39827.1 (×104m2) for 
the scenario of DI of 50% and 20.1-7314.0 (×104m2) for the scenario of DI of 25% 
of full irrigation requirement.  

There was an average increase of the irrigated area using scenario DI of 25% 
instead of scenario SI of 100% reached to 57%, while for using scenario DI of 50% 
reached 291%. The results of the three scenarios used indicated that using DI of 
50% can be more beneficial than SI of 100% and DI of 25% of full irrigation 
requirement. 

Implementation of Macro RWH in the northern Sinjar District seems to be 
an effective practice leads to increase irrigated area. This can contribute in solving 
the problem of water shortage in Iraq. In addition, some of the storm events 
showed that the volume of runoff water was greater than the capacity of the 
reservoir. As a recommendation, these excess quantities of water can be used to 
recharge groundwater aquifers in the area.  

For future study, RWH system may represent an effective water sources to 
recharge ground water when the collected runoff volume in reservoirs exceeds the 
reservoir capacity. The groundwater may represent an effective support system for 
supplemental irrigation process associated with RWH system when reservoirs are 
about to be empty. 

To illustrate the utility of RWH system and to discover which level of 
supplemental and deficit irrigation gives best results; it is possible to use the given 
results by calculating the yield of the crop in the irrigated lands.  

The yield of the crop will be a criterion for the selection of the appropriate 
level of supplemental and deficit irrigation system and to clarify the impact on the 
yield of the crop.  

Advanced information, in the form of forecasts for the climate conditions 
especially rainfall, has the important role to improve the agriculture productivity in 
the rainfed regain. The forecast can help farmers and decision makers to plan for 
future agricultural practices in the area. 

It is believed that, climate forecasting can play as an important tool to reduce 
uncertainty and gives a good idea to the farmers on the extent of the areas they are 
going to cultivate. 
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Abstract Iraq is experiencing water shortages in its resources which is expected 
to be more severe in future. It is believed that rainwater harvesting will be one of 
the solutions to overcome this problem. 

In this paper rainwater harvesting modeling technique was applied to Sinjar area 
North West of Iraq for agricultural purposes.  Watershed modeling system (WMS) 
and linear programming (LP) optimization technique was applied to maximize the 
irrigated area which can be supplied by each selected reservoir for the period 1990-
2009. 

 This technique was proved to be efficient for large scale problems and the 
required input data for the model. Two scenarios of operation were considered for 
each main basin. In the first, each reservoir was operated as a separate unit while in 
the second; all reservoirs in a basin were operated as one system. Both scenarios 
gave encouraging results. Scenario two however, was relatively better.  
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1 INTRODUCTION 

Water shortages in the Middle East are increasing due to the increase in water 
demand and limited water resources of the region. Iraq heavily depends on the 
Rivers Tigris and Euphrates in its water resources. It was considered as a rich 
country in its water resources till the 1970s. After that the situation deteriorated 
due to hydrological conditions as well as the increasing effect of neighboring 
countries in limiting and preventing the quantities of water entering Iraq from the 
Tigris and Euphrates Rivers (Al-Ansari and Knutsson, 2011). Now, agricultural 
activities are limited to a narrow belt along the Tigris and Euphrates and their 
tributaries. In view of the present water resources conditions, other options are to 
be considered to minimize the gap between water supply and demand. Looking at 
the water quota in Iraq, more than 80% of its water resources are consumed for 
agricultural activities. In this context, non conventional methods or techniques are 
recommended to be used to augment water resources (Al-Ansari, 1998).  

Rainwater harvesting is one of the methods that can ensure availability of water for 
winter crop. By this technique the excess rainwater (runoff) is stored in small 
reservoirs or dams of different sizes to be supplied later when required to satisfy 
the crops requirements.  

Several researchers had studied the selection of suitable sites for reservoirs, their 
size, and type for rainwater harvesting technique to be used to suit the goals such 
as water supply, limited power generation and supplementary irrigation. Some of 
the researchers used computer models in their work (e.g. Shinde et al., 2004; 
Kularathna, 2009). Other researchers used the Geographic Information System 
(GIS) to prepare input data for the models used for rainwater harvesting, (e.g. Al-
Daghastani, 2010). Soil conservation method (SCS) was used by some researchers 
to provide input data for the technique they were using (e.g. Abdurahman, 2009; 
Al-Zubi et al, 2010). Saber et. al. (2009) proposed and applied a physically based 
distribution hydrological model, based on the Natural Resource Conservation 
Service (NRCS) method to estimate the excess rainfall. The model was applied for 
Wadi Al- Khoud in Oman having an area of 1874.84km2, wadi Ghat in Saudi 
Arabia having an area of 649,55 km2, and Wadi Assiut in Egypt having an area of 
7109 km2. They concluded that the applied model is applicable to estimate the 
surface runoff in arid region.                 
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Harshi et al. (2010) developed a spatial explicit analysis model referred to as 
Geographical Water Management Potential (GWMP) to optimize the location for 
implementing a comprehensive effective strategy for water management. They also 
used the (SCS) and (GIS) to provide input data for their work. 

Khidir (1999) presented a deterministic conceptual nonlinear model for runoff 
hydrograph for a single storm in northern Iraq. The model consists of three main 
parts. The first part is for estimating excess rainfall based on Runoff Percentage 
method, or Soil Conservation Service method. The second and third parts are to 
route the flow in the overland flow and channel flow respectively. The model was 
applied on two sets of watersheds in northern Iraq for a number of storms. The 
results revealed that the capability of the model in estimating the runoff 
hydrograph for ungauged watersheds.  Haji (2010) applied a mathematical model 
to estimate the excess rainfall based on Phi index (  index) method and Natural 
Resource Conservation Service (NRCS) method. The model was applied on 
watersheds in Northern Iraq. The results indicated that the Natural Resources 
Conservation services method can be applied to estimate excess rainfall for 
ungauged watersheds based on watershed characteristics and rainfall data. 

Erturk et al. (2006) applied the Watershed Modeling System (WMS) for watershed 
delineation. In addition, the WMS was considered to determine some properties 
(drainage area, characteristic length and sub-basin slope) of the watershed of 
Koycegiz Lake-Dalyan Lagoon watershed in southwest of Turkey to be used as 
input for hydrological and pollution diffusion modeling.   The results indicated that 
the model was useful and can be dependent for watershed management strategy. 
Other researchers have used the model in different parts of the world and it proved 
to be successful (Owens, 1998; Nelson et al, 1999; Abu Sharkh, 2009; Snobl, et al, 
2001). 

The work presented in this paper is the use of the watershed modeling system 
(WMS) based on Soil conservation service method (SCS) was applied to estimate 
the runoff volume for each single storm for the period 1990-2009 of study area. It 
is noteworthy to mention that the data for the season 2002-2003 were missing due 
to the war in Iraq. This model was selected due to its flexibility to operate with 
available rainfall, soil and watershed area data.  Then a linear programming 
optimization technique was applied to maximize the irrigated area which can 
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supplied from proposed storage dams in suitable selected sites based on available 
storage capacity for each reservoir and runoff storage volume. This technique was 
proved to be efficient for large scale problems and the required input data for the 
model. 

2  STUDY AREA 

The area of study is a plan area located on the southern flank of Sinjar Mountain, 
North West of Iraq. This mountain extends 70 km from Nineveh Governorate in 
the east to the Iraqi- Syrian border in the west (Fig. 1, a ). Sinjar Mountain is an 
anticlinal structure with a maximum elevation of 1400 m.a.s.l. Some of the beds 
are fractured but are filled with fine grained sediments. This area is usually planted 
with wheat and barley during winter season. The average annual rainfall obtained 
from (3) meteorological stations (Sinjar, Telaafar and Baaj) (Figure 1b) is about 
320mm for the last twenty years. This depth is of non uniform distribution and the 
total effective depth is insufficient for average yield of wheat and barely. The 
sufficient rainfall is of the order of 300-600 mm/year (Oweis et al, 1999). Despite 
these facts there is significant quantity of runoff volume that can be harvested for 
supplementary irrigation and other purposes.  

Depending on the topography, the drainage divides were marked and two main 
basins were chosen, and a number of suitable sites were selected as reservoirs for 
rainwater harvesting (Fig. 1 c, and d). The locations of the reservoirs were selected 
depending on the drainage area, the cross section of the valley (to ensure minimum 
construction material to be used for building the dams) and to minimize 
evaporation loses and insure the required storage was obtained the ratio of surface 
area to storage volume was kept to minimum.  Details of the sub basins upstream 
the selected reservoirs are tabulated in Table (1). The first basin area (A) is about 
3475 km2, basin slope is about 2.16 % and basin level is 365.7 m.a.s.l.  The area of 
the second main basin (B) area is about 5490km2, basin slope is 1.48 % and basin 
level is 292 m.a.s.l. 

Sandy loam, silty loam and silty clay loam is the soil texture of the studied area 
(Rasheed 1994). As far as the land use is concerned it is usually used for winter 
crops, mixed crops and pasture and seasonal grass and rest is sloped bed rock (Fig 
2).   
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Fig. 1 : Location of  study area in Iraq (a), location of gauging stations, (b),  
watershed area of Basin A,(c), and watershed area of Basin (B),(d). 
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Fig (2): Land use maps for Basin (A), and Basin (B). 

 

Table 1 Details of the sub basins upstream the selected reservoirs. 

Sub-Basin 

Data 

Basin A Basin B 

Sub-

Basin-1 

Sub-

Basin-2 

Sub-

Basin-3 

Sub-

Basin-4 

Sub-

Basin-1

Sub-

Basin-2 

Sub-

Basin-3 

Area (km2) 378 1141 1133 824 4108 854 523 

Average 

Slope % 
1.15 1.58 3.41 1.70 1.25 2.38 1.84 

Mean  

elevation (m) 
283 374 417 359 270 382 311 
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3 SIMULATION MODELLS USED 

The simulation model consist of a number of steps and sub models in a series of 
process, the output of one of them is the main input for the other and so on. In the 
first step Digital Elevation Model (DEM) was considered to select the best suitable 
places for building the water harvesting dams based on the topography and the 
geology of the area. In this step the Watershed Modeling System (WMS) and the 
Global Mapper models were applied to view the sections of suitable dam sites were 
chosen on the higher degree stream flow order. Then sites with a reasonable dam 
length and minimum ratio of surface area to storage volume, with sufficient storage 
capacity were selected. The WMS model used DEM data of the region, land use, 
soil type and rainfall data to find out the delineation of catchments area in addition 
to divide the main basins into a number of sub-basins and to simulate the rainfall 
runoff flow pattern. 

The WMS is efficient tool that enable hydrologist and water resources engineering 
to simulate the rainfall runoff modeling through GIS data base more efficiently 
than other conventional modeling method (Nelson 1999).   

 

3.1 Runoff Model 

For the selected dam sites, a daily rainfall data was considered to estimate the 
runoff hydrograph for each single storm based on WMS. The runoff hydrograph 
was the major input flow to the selected reservoir sites. The considered runoff 
model was based on SCS Curve Number, (CN) method (Chow et al, 1988).  This 
method was selected due to its suitability for application in the studied area and 
gave good results (Khidir 1999 and Haji 2010). It also has a number of advantages 
and disadvantages (Pons and Hawkins 1996). The advantages of the method is that 
it is simple and predictable to estimate the direct runoff from the storm rainfall 
depth, it is based on one parameter which is varied with soil class, land use, 
antecedent moisture conditions, and it is widely acceptable in United States and 
other centuries. The main disadvantages of this method are that it is originally 
developed for agricultural areas and then extended to be applied on urban areas and 
there should be no base flow when estimating excess rainfall. Finally, the method 
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is very sensitive to curve number value for the areas having low curve number, and 
or low rainfall depth. 

Despite the fact that there are disadvantages noted by Pons and Hawkins (1996) on 
this method but they are inapplicable on the studied area. The studied area is 
agricultural area, there is no base flow and the curve number in the studied area is 
greater than 74 and the effective rainfall is more than 14 mm. Melesse et al. (2003) 
estimate the excess rainfall based on Natural Resources Conservation 

Service Curve Number (USDA-NRCS-CN) method, and compared with observed 
values, the results indicates that the model predict the runoff volume with model 
efficiency of 98% for rainfall depth not less than 12.75mm, and concludes that can 
be applied to predict runoff hydrograph for ungauged  watershed. 

The land use data (as a digital map) and soil type was used to identify the curve 
number for each sub basin, then based on percent of area for each sub-area the 
weighted average curve number was estimated to be considered in the runoff 
model. The curve number considered for each storm was calibrated based on 
antecedent moisture condition (AMC) for dry, average, and moisture conditions. 

Identifying the antecedent moisture conditions were based on the total antecedent 
rainfall depth for the five days which was identified based on daily rainfall data of 
the region. The antecedent moisture content considered dry if the total five days 
rainfall depth was less than 35mm and wet if the depth is greater than 53mm. The 
tabulated curve number is equal to IICN , for average condition and modified for dry 
and wet conditions by the following equations (Chow et al, 1988): 

 

II

II
I CN

CN
CN

*058.010
*2.4

                                                                      (1) 

And  

II

II
III CN

CN
CN

*13.010
*23

                                                                         (2) 

 

8



In which 

ICN : Curve number for dry condition. 

IIICN : Curve number for wet condition. 

 

3.2 Supplemental Irrigation Model 

In this model, irrigation water requirement was identified for each day of the 
growing season depending on crop water requirements, the available rainfall depth 
and soil moisture contents. The soil available water depends on plant root depth, 
soil type, and allowable percent of depletion. The root length or the root zone 
depth was estimated by the following equation presented by Borg and Grimes 
(1986) as quoted by Gregory, 2006 in the following form: 

 

)]47.103.3sin(5.05.0[max ii iRdRd                                         (3) 

 

In which: 

iRd : Actual root depth at particular time ii ; 

maxRd : Maximum root depth; 

ii : Relative time elapsed between planting and maturity. 

The available water soil storage of the soil )(AWSC  (mm/m) was identified based 
on soil type, as presented by the Ministry of Agriculture, Food and Fisheries 
(2006).  Then for each time interval which was considered here as a one day, the 
total soil water storage )( iSWS  (mm) at particular time i, was estimated by the 
following equation: 
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AWSCRdSWS ii *                                                                             (4) 

 

The percent of availability of water storage (AC %), which were considered, are 
taken from Ministry of Agriculture, Food and Fisheries (2006). The maximum soil 
water deficit )( iMSED (mm) at particular time i, was estimated by the following 
equation:   

 %* ACSWSMSED ii                                                                                   (5) 

The required irrigation depth iRID for each time interval i, was estimated by the 
following equation: 

iii MSEDCURID  ..............  for ii MSEDCU                                (6) 

In which: 

iCU : The consumptive use for the considered crop at interval i. 

The irrigation water requirement was equal to zero if the crop requirement was less 
than the maximum soil water deficit )( iMSED , and it was equal to the difference 
between these two values if the crop requirement was greater than the maximum 
soil water deficit. This model was programmed and solved using Mat lab software. 

3.3 Optimization Model 

A linear programming optimization technique (based on Matlab software) was 
applied to determine the maximum planting area that can be supplied from the 
stored runoff water in a selected reservoir site. The required reservoir size to 
satisfy the water requirements was also one of the optimization model results. The 
continuity equation for inflow-outflow water volume to the reservoir for each time 
interval was considered in formulating the problem. The objective function for 
each reservoir was to maximize the irrigated which can be expressed in the 
following form: 
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n

i
iACBMax

1
*)(                                                                  (7) 

Where: 

B : Value of objective function; 

C : Yearly benefit from each unit of planting area (this value must be considered if 
there is more than one crop considered in the study area, but in case of one 
crop considered any number givers the same results);  

iA : Planting area that can be supplied by irrigation water requirements for 
reservoir i, and 

n  : Number of reservoir operated as one system, and equals to 1 in scenario one of 
operation.  

 

The objective function was subject to a number of constraints. The first was the 
water balance equation in the following form: 

 

     jijij

nr

k
jkjijiiji OUTEVARIDOUTRUNSS ,,

1
,,,1, .           (8) 

Where: 

 

jiS , : Storage volume at reservoir i at the beginning of time interval j; 

1, jiS : Storage volume at reservoir i at the end of time interval j; 

jiRUN , : Runoff volume enters to reservoir i, for the time interval j; 

jkOUT , : Outflow (spillage) volume from the number of reservoirsnr ,  

             that located   upstream of reservoir i for the time interval j;  
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jiEV , : Volume of evaporation loss from reservoir i for the time interval j; 

jiOUT , : Spillage volume of water from reservoir i for the time interval j. 

 

The above equation was applied for each reservoir and the number of these 
constraints was equal to the number of time intervals times the number of dams 
working as a one flow system.    

The other type of constraints which were considered in the model was maximum 
and the minimum storage capacity for each dam in the following form: 

 

iji SS max,                                                                                 (9) 

Where: 

 

 iS max : Maximum allowable storage capacity of the reservoir i, (based on 
topography of reservoir sites and valley depth). 

The storage capacity should not be less than the minimum allowable storage iS min  
, for that reservoir and the constraints had the following form: 

 

iji SS min,                                                                               (10) 

 

This type of constraint (equations 9 and 10) was applied for each reservoir at each 
time interval. 
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4 Runoff Model Evaluations: 

In order to apply the runoff model in the studied area, it was calibrated using the 
data of a watershed in the same area with measured of rainfall and runoff flow rate. 
The selected watershed had an area of 53.77 km2, average basin slope of 7.2%, 
basin length of 17.7 km, and basin elevation 554.1 m.   

Three runoff hydrographs were observed for three single storms for the rainy 
season 1991-1992 (Rafik, 1993 in Khidir, 1999). These storms in addition to soil 
type and land use were used as the input data for the watershed modeling system 
(WMS) to estimate the runoff hydrograph and volume. The soil properties and land 
use maps for the considered evaluation area will be discussed later. Figure 3 (a) (b) 
and (c) show the observed and simulated hydrographs for the three storms 
considered. The results of simulated hydrograph were evaluated based on model 
efficiency and t-test for both flow rate and total runoff volume for each storm. 
Table (2) shows the data for each storm and the values of the considered evaluation 
criteria. The values of model efficiency for runoff hydrographs gave good results 
for all considered hydrographs. The t-test values were less than the tabulated 
values (0.1 limits), which indicates that there was no significant differences 
between the measured and simulated flow rate for the different hydrographs. For 
the simulated runoff volume, the three considered hydrographs gave model 
efficiency of 84.2%, while the t-test values for the runoff volumes were 0.34 
indicating that also there was no significant difference between the measured and 
simulated values. The runoff volume was the most important factor in this study 
which represents the inflow for each reservoir and the main input for the 
optimization model. The runoff model was used with confidence due to the results 
obtained from the above evaluation.  
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Fig 3 (a): Observed (measured) and simulated hydrograph for storm-I. 

 

 

 

 

 

 

 

 

 

Fig 3 (b): Observed (measured) and simulated hydrograph for storm-II. 
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Fig 3(c): Observed (measured) and simulated hydrograph for storm-III. 

 

 

 

 

Table 2 :The rainfall storm data and the values of considered criteria for flow rate hydrograph. 

Storm number   Rainfall depth mm Duration hr. 

Flow rate evaluation 

t-test 
Model
Efficiency 

1 24 4 -0.5 79.9 

2 25 7 0.21 95.4 

3 23 3 0.2 72.3 
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5 MODEL APPLICATIONS 

After selecting the proposed reservoirs sites, the WMS was applied in the first 
stage for each selected reservoir location for basins A and B to predict the runoff 
volume for each single rainfall storm for the period 1990-2009. The details of each 
selected reservoir are shown in Table (3).   The daily rainfall data were obtained 
from Sinjar, Telaafar and Baaj stations which were the nearest stations to the 
studied area.  The accumulative equivalent runoff for each selected reservoir 
location of the considered period was drawn in Fig. 4(a) and 4(b), with annual 
rainfall for basins A and B respectively. Then the second model was applied to 
estimate the daily irrigation water requirements based on rainfall, soil water depth 
and planting stage. The estimated runoff volume for each daily rainfall was 
considered as input data for the optimization model to minimize the storage 
volume for each selected reservoir. The maximum irrigated area can then be 
supplied with full irrigation requirements. The optimization model was operated in 
two scenarios. In scenario one, for each sub basin area, the selected reservoirs were 
operated as individual storage system. It should be mentioned however that the 
upstream reservoirs outflow was considered as inflow for the downstream reservoir 
in addition to runoff volume from the watershed in between the two reservoirs. The 
infiltration loss for the spill flow in between the successive reservoirs was 
neglected due to that its low value which was not effective where the flow 
occurred in wet days and the stream bed was saturated after days of continues rain, 
also the evaporation was neglected due to low temperature, high relative humidity 
during wet days and limited flow surface area. The length of growing season was 
about 180 day. Therefore for each reservoir the number of constraints of equations 
8, 9 and 10 were equal to the season length for each equation, while the number of 
variables was about 362.   The resultant irrigated area for each growing season 
(year) was drawn in Fig. 5 (a) and (b).  
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Table 3   Properties of selected reservoirs in Basin A and B. 

* The length including a saddle dam.  

 

 

 

 

 

 

Reservoir 

properties 

Basin A Basin B 

Reservoir 

1

Reservoir

2

Reservoir

3

Reservoir

4

Reservoir

1

Reservoir 

2

Reservoir

3

Max. Storage 

(*106 m3)
25 27 29.5 9.5 96 9.2 7.6 

Maximum 

Depth (m) 
8 10 8.5 4.5 20 7.5 7 

Maximum 

Dam length 

(km) 

0.63 0.75 1.8* 0.93 0.90 1.68* 1.35* 
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Fig 4(a): Accumulated yearly rainfall on Basin (A), with equivalent runoff depth for  
reservoirs, 1,2,3 and 4 for studied period. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4 (b): Accumulated yearly rainfall on Basin (B), with equivalent runoff depth 
 for reservoirs, 1, 2 and 3 for studied period. 

18



 

 

 

 

 

 

 

 

 

 

Fig 5(a): Resultant irrigation area for reservoirs 1, 2, 3, and 4 of Basin (A) for studied period (scenario 1). 

 

 

 

 

 

 

 

 

 

 

Fig 5(b): Resultant irrigation area for reservoirs 1, 2, and 3 of Basin (B) for studied   period (scenario1). 
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In the second scenario, the reservoirs of each basin were operated as a single 
system with limited storage for each one and the objective function was to 
maximize the summation of the irrigated area for each one. In this case the number 
of constraints was the same as in case one times the number of reservoir operated 
as one system. The resultant irrigated area for each reservoir, and for the total of all 
reservoirs in one system is shown in figure (6(a) and (b)). Reservoir sedimentation 
was considered minimal due to the fact that the area is wholly covered with 
limestones. 

6 RESULTS AND DISCUSSION: 

 

The considered daily rainfall data for the period 1990-2009 for Sinjar, Telaafar and 
Baaj stations in North West of Iraq showed that the average total rainfall depth is 
320mm. The effective rainfall is not sufficient for average yield of winter grain 
crops such as wheat and barley (Oweis et al., 1999) which are usually planted in 
this area. Rainwater harvesting technique can be used in this area to overcome 
these difficulties. The results for the runoff model showed that there was an 
effective quantity of runoff which can be stored in the suggested reservoir sites. 
Fig. 4 (a) and (b), showed that the equivalent runoff were ranging between 0 to 
68.7 mm. Consequently, based on rainfall and resulting runoff values, the runoff 
coefficients were 0% for dry year and 16.6% for wet year. This coefficient changes 
from sub basin to another based on the differences in basin’s properties. The runoff 
volume or coefficient was also changing tremendously from season to season 
although the total rainfall depth was more or less the same.  The equivalent runoff 
depth of sub-basins within basin-A, was that the values for sub-basin three was 
greater than four, which was greater than two, and two was greater than one,  for 
all the considered years as shown in figure 4(a). This was due to the effect of the 
curve number. This number was changing with antecedent moisture conditions. It 
should be noted that the basin having the maximum value remained the maximum 
relative to the other sub-basins. Also for basin-B, the equivalent runoff depth for 
sub-basin one was greater than for sub-basin two, which was greater than that of 
three for all considered years as shown in figure 4(b) due to the same reason 
mentioned above.  
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In scenario one of operating the reservoirs were operated individually, the resultant 
maximum irrigated area for basin A was 12725, 13661, 14875, and 4709 hectares, 
while the average values were 1377, 2656, 3130, and 1067 hectares for reservoirs 
1, 2, 3 and 4 respectively (Fig. 5(a)).  The maximum total irrigated area was about 
45970 hectare and the total average values was 8230 hectares. For basin B, the 
maximum irrigated area for each reservoir was 3805, 4648 and 49554 hectares, 
while the average values were 1300, 1580, and 7860 hectares   for reservoir 1, 2, 
and 3 respectively (Fig.5 (b)).  The maximum total irrigated area for the entire 
reservoirs in watershed B was 58007 hectare, while the total average values was 
10740 hectares.   

The resultant irrigation areas in figures 5(a) and 5(b) for basin A and B 
respectively were usually bigger for the reservoir having maximum storage 
capacity as reservoir one in basin B. The smaller reservoirs having no significant 
difference in size (e.g. one and two in Basin A and two and three in Basin B) 
showed low increase or decrease in irrigation areas. In all these cases there were no 
big differences in their results.  

This increase or decrease in irrigation area was due to the fact that the resulting 
area does not depend only on reservoir size, but also the equivalent runoff depth, 
watershed area for that basin, and the effect of evaporation loss which depends on 
reservoir surface area. In addition to the runoff volume and its distribution within 
the rain season, that might be concentrated in short successive periods or 
distributed along the season.   

In scenario two of operation strategy, all reservoirs in each basin (A, and B) were 
operated as a one system for each considered year. This meant that the objective 
function was to maximize the sum of irrigated area of each reservoir. The results of 
this scenario showed that the irrigated areas in this operation were greater than or 
equal to the sum of irrigated area for scenario one for all years (Fig. 6(a) and (b)). 
The maximum and average irrigated area for basin A was 46147 and 9380 hectares 
respectively, with a maximum increase in irrigated area of 59.3% and average 
increase in irrigation area was 11%, while for basin B the maximum and average 
irrigated area was 58170 and 11740 hectares respectively, with a maximum 
increase in irrigation area of 28.5% and average increase in irrigation area was 
4.4%.           
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In the second scenario of operation, the total irrigated area was equal to the 
irrigated area of downstream reservoir most of the years. This reservoir received 
and stored the water from upstream reservoirs to satisfy the irrigation requirement. 
This meant that the upper reservoirs for both basins were operated as temporary 
storage reservoir that store the water in rainy days when the runoff was high and 
can not be stored in the lower reservoir. The stored water was released gradually 
from the upper reservoirs to the utmost lower one. This reduces the evaporation 
losses, i.e. the water was stored in the reservoir within the system having the 
minimum values of ratio of surface area to storage volume. As a result, the total 
irrigated area for each season was equal to or greater than that in scenario one of 
operation as separated reservoirs. 
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Fig 6(a) : Total irrigation area for reservoirs 1,2,3 and 4 of Basin (A) for scenario 1 and 2. 

 

 

 

  

 

 

 

 

 

 

 

 

Fig 6(b): Total irrigation area for reservoirs 1,2,3 and 4 of Basin (B) for scenario 1 and 2. 
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7 CONCLUSIONS 

The results of estimating the runoff volume showed that there was a significant 
amount of yearly runoff equivalent depth having an average value of 9.1 to 
19.1mm for different sub-basins for the studied period.  This indicates that the 
runoff volume can be considered for supplementary irrigation to maintain and 
increase the yearly yield of different winter crops. The optimization technique for 
selected reservoir operation in each main basin was considered for two scenarios of 
operation.  In the first one the reservoirs were operated as split units, while in the 
second, all the reservoirs in one main basin were operated as a one system. 

The results of total maximum irrigated area for scenario one of operation was 
about 45970 hectares for basin A with an average value for the considered period 
of  8230 hectare. While for basin B, the total maximum and average irrigation area 
was 58007 and 10740 hectare respectively.  In scenario two of operation, the total 
maximum and average irrigation area was, 46147 and of 9380 hectare respectively 
for basin A. For basin B, the total maximum and average were 58170 and 11740 
hectare respectively. 

There was an increase in irrigated area in scenario two of operation reached to 11 
and 4.4% as an average value for basins A and B respectively. The implementation 
of water harvesting in this area seems to be very effective and large area can be 
used for agricultural practices.  

In both cases of operation, the results of optimization technique showed that the 
available run off water was even more than the storage capacity of the suggested 
reservoirs. In view of the results it is believed that scenario two is more beneficial. 
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ABSTRACT 

Iraq is facing water shortages and the problem is becoming more serious with time. Despite this 

fact, none of the farmers had used Rainwater Harvesting (RWH) technique yet. The main aim of 

this research is to contribute to solving the problem of water shortage of Iraq by finding effective 

results in terms of saving significant runoff water for irrigation purposes. Macro RWH was 

applied at Northern Sinjar Mountain in Iraq, where macro is indicator for large catchment area. 

Runoff volume was determined by applying the watershed modeling system (WMS) for six 

selected basins with total area of 614.19km2 for the study period of (1990-2009). The volume of 

harvested water ranged (0.6-42.4)  × 106 m3 for all six basins together for the study period. A 

linear programming technique was adopted to optimize the irrigated area for three scenarios of 

irrigation, 1/ supplemental irrigation (SI) 100%, 2/ deficit irrigation (DI) 50%, 3/ deficit 

irrigation (DI) 25% of full irrigation requirements. The results of calculation of irrigated area 

ranged between 14.5-3663.7 for SI 100%, 33.0-39827.1 for DI 50%, and 20.1-7314.0 for DI 25% 

hectares respectively. These results reflect useful value of RWH and its influence to increase the 

irrigated area in the studied region. 

 

Keywords: Macro Rainwater Harvesting, WMS, Supplemental Irrigation, Sinjar, Iraq. 
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1. Introduction    

Iraq is part of the West Asia and North Africa (WANA) region. The country is facing water 

crises due to shortage of water supply from the main two rivers (Tigris and Euphrates) (Al-

Ansari and Knutsson, 2011). Dry areas form 95% of the total areas in countries of the WANA 

region (Oweis, et. al., 1999). Low rainfall affects the agricultural activities in these areas. 

Rainfall is characterized by its low value and uneven distribution. In addition, most of the 

rainwater is lost by soil surface evaporation and/or runoff to different small valleys. Several 

factors can affect agricultural production, but water is the most important factor (Oweis and 

Hachum, 2006).  

Rainwater harvesting is defined as a method for inducing, collecting, storing, and conserving 

local surface runoff for agriculture in arid and semi-arid regions (Boers and Ben-Asher 1982, 

Boers, 1994). Rainwater harvesting may include micro-catchment (area less than 1000m
2
) or 

macro-catchment runoff farming (area between 10
3 

– 2×10
6
 m

2
, (Critchley and Siegert, 1991; 

Prinz and Singh, 2000).  

The productivity of the rainwater can be significantly improved by applying a specific 

technique such as Macro RWH, based on availability of a surface reservoir. This will increase 

the productivity of the agricultural land especially when it is combined with specific irrigation 

system, such as supplemental (SI) and deficit irrigation (DI). In Oweis and Hachum (2003) it is 

indicated that adding limited amount of irrigation water for the rain-fed agriculture during 

critical stages of crop growth, can improve not just the yield but water productivity also. 

 Nasri et. al., (2004) studied traditional macro-catchment water harvesting system, in Tunisia. 

The harvesting system significantly reduced peaks of surface runoff within the catchment, which 

also reduced erosion hazards. Adekalu et. al., (2009) tested the impacts of macro and micro 

catchments runoff harvesting. They stated that using harvested runoff water with supplemental 

irrigation provides twin benefits of minimizing the impacts of dry periods, increasing the yields 

and improving the yields of smallholder farming systems. Mzirai and Tumbo (2010) conducted 

study using macro RWH systems. Their results showed that in macro-catchment RWH systems, 

water use efficiency increased crop production up to more than 20 kg ha
-1

 mm
-1

 compared to 

rain-fed system where water use efficiency can hardly reach 3 kg ha
-1

 mm
-1

. 

In dry areas more rainwater will be available to the crops when water harvesting is used. It 

increases the volume of water per unit cropped area, reduces dry effect and increases the 

productivity of rainwater, (Oweis and Hachum, 2003). 

Furthermore, in arid zone, rainfall amounts are not enough for successful agriculture 

production. It was found that, the conjunctive use of rainfall and limited irrigation water will 

greatly enhances the yields and water productivity (Oweis et al., 1999).  

A study conducted by Agricultural Research Center in Iraq (IPA) and International Center 

for Agricultural Research in Dry Areas (ICARDA) showed that both yield and water 

productivity increased using supplementary irrigation (SI) in conjunction with rainfall, by using 

only 68 mm of irrigation water for rain fed wheat, the yield increased in one season from 

2.16 T/ha to 4.61 T/ha i.e. more than 100%  (Adary et al., 2002). 
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In northern Iraq, 284 farms were used to study the impact of SI on the wheat yield. The 

results showed that SI increased wheat yield by 100% (Shideed et al., 2005). It also indicated 

that large, medium, and small farms have different potentials for improving their level of water-

use efficiency by 28, 19 and 23 % respectively. Experiments carried by ICARDA, in northern 

Syria using SI water to rain-fed crops, showed that applying 212, 150 and 75 mm of additional 

water to rain-fed crops receiving an annual rainfall of 234, 316 and 504 mm respectively, 

increased the yields by 350, 140 and 30% respectively over that of rain-fed crops. The effect of 

SI was on both the yield as well as on water productivity. Using limited amounts of SI with 

rainwater conjunctively, leads to improved productivity of both irrigation water and rainwater. In 

the dry areas the average rainwater productivity of wheat grains is up to 0.35 kg/m
3
 and may 

increase to 1.0 kg/m
3
 i.e. about 300% by improved management and rainfall distribution. The 

results showed that 1 m
3
 of water applied as SI at the suitable time might produce more than 2 kg 

of wheat grain over that irrigated by rainfall only (Oweis and Hachum, 2003).  

In Iraq, water harvesting techniques are not used yet. This work can enhance the farmers to 

use this technique in their practice. 

 

2.   Study Area 

Northern Sinjar District (Fig. 1 A) is located within Nineveh province in northwest Iraq. The 

whole area is locally referred to as Al-Jazirah (the area bounded by the Tigris and Euphrates 

Rivers north of Tharthar Lake). Northern Sinjar District is bordered from the south by Sinjar 

Mountain, at north and west by the international Iraq-Syria borders and the extension Province of 

Nineveh from the east (Fig. 1C). It is inhabited by 21600 people. The most prominent terrain is 

Sinjar Mountain with highest peak reaches an elevation of 1400 meters a. s. l.   
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Fig. 1 Location maps A- Map of Iraq, B-Location of climatic stations (red spots) at 

northwest Iraq, C- Sinjar Mountain D- Side view of local farm at Sinjar district, 

(source: www.iraqup.com). 

Despite the presence of some wells, rain water is the  main source for agricultural practices in 

Sinjar area. Rainfall data from three meteorological stations (Figure 1B) was provided by the 

Iraqi Directorate General of Meteorological and Seismology, for the period 1990-2009 (Figure 

2). The record showed that the average annual rainfall was 286.7 mm. while the maximum and 

minimum annual rainfall values were 478. 1mm (1995-1996) and 110.1 mm (1998-1999) 

respectively. The average annual rainfall in the area is not sufficient to raise crops (Oweis et.al., 

1999).  

The rainy season extends during November–May. During this season, surface water flows in 

the valleys from Sinjar Mountain toward the Iraqi-Syrian border. Maximum monthly evaporation 

is usually recorded in July and reaches 563.4 mm.  The value drops to 57.4 mm in December. 

Water consumption for the wheat crop range from 26.7 mm in December to the 197.6 mm in 

May (Al Khalidy, 2004). 

The soil in the study area has low organic content and consists of sandy loam, silty loam and 

silty clay loam (Rasheed, 1994). 
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Fig. 2 Mean annual rainfall for the period 1990-2009 in Northern Sinjar District. 

Fields observation indicate that, the catchment area at Sinjar region, is one of three cases: 

cultivated land, pasture land with condition of poor to good, and land covered by exposures of 

hard rocks. The cultivated land represents very good farming conditions (Fig. 1D) and has the 

ability to produce main crops such as wheat, barley and tobacco if water is available.  

Sinjar district has been chosen as a study area for the reason that the variables required to 

apply the RWH (Gupta, et. al. 1997) are suitable. The selection of the locations of dams to 

impound harvested rain water was carefully chosen. Site having coarse soil or gravel was 

neglected (Stephens, 2010). In addition, to ensure minimum evaporation, the height, length of the 

dams and surface area of their reservoirs were taken into consideration. 

 

3.   Watershed Modeling System (WMS) 

The main purpose of the Watershed Modeling System (WMS) is to set up mathematical 

watershed hydrologic models for engineering purpose (Nelson et al. 1994). WMS has the ability 

to simulate the rainfall-runoff process for different conditions based on inside standard models 

such as TR-20, TR-55, NFF, HSPF, MODRAD, HEC-1 (now HEC-HMS). WMS can be 

operated individually or in combination with GIS data. WMS has number of options which can 

be used by hydrologic engineers to accommodate all hydrologic modeling applications and 

reduces uncertainties associated with model set up and decreases model set-up time (Ogden et 

al., 2001).  

Large group of researchers used WMS to simulate the rainfall-runoff process using one of the 

inside standard models (e.g. Owens, 1998; Nelson, et. al., 1999; Sonbol et. al., 2001).  They used 

standard computer models of HEC-1.  Erturk et al., (2006) and Abu Sharkh (2009) used standard 

computer models of Rational Method. While Clinton Country Board of Commissioners (CCBC) 

(1995) used computer model TR-20. This model is widely used (Kumar and Bhattacharjya, 

2011).The selection of a specific model depends on availability of required input data, its 

accuracy as well as its ability of simulating the watershed. 

The Soil Conservation Service (SCS) computer model TR-20 is an important tool for 

estimating runoff of watersheds for many years. TR-20 is based on the SCS runoff curve number 
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(CN). TR-20 can model flow diversion and provides travel time and peak flow output that can be 

used to develop release rates. TR-20 is appropriate for use on the combined watershed. 

In view of these reasons this model was used in this research to estimates runoff volume for 

the period 1990-2009 at northern Sinjar area. Digital elevation models (DEMs), with resolution 

of 90 meters, were used within WMS to generate flow directions by using the Topographic 

Parameterization (TOPAZ) program and automatically delineated the watersheds and stream 

arcs. Then the TR-20 model was applied and runoff values were obtained for the individual 

selected basins. The required data, such as land use (Fig. 3), was obtained for the selected basin 

based on the map produced by Remote Sensing Center, University of Mosul (Al – Daghastani, 

2010). Runoff was simulated using WMS with computer model TR-20 depending on the SCS 

runoff curve number (CN) method.  

 

 

Fig. 3  Land use map for the six basins for Northern Sinjar District. 

Table 1concluded the input data were dam height (m), total area of individual selected basin 

(m
2
) and its CN values and daily rainfall depth (mm). The output was daily runoff (m

3
). 

 

Table 1: Details of the selected basins with reservoirs properties. 

Details basin 

No.1 

basin 

No.2 

basin 

No.3 

basin 

No.4 

basin 

No.5 

basin 

No.6 

Curve number (CN)  83.28 82.37 77.71 79.11 80.69 76.72 

Basin area (km)
2
 197.7 97.11 109.87 60.24 43.48 105.79 

Average basin slope % 1.4 3.4 3.1 4.8 4.3 1.2 

Mean basin elevation (m) 540 629 594 625 632 489 

Max. reservoir capacity(10
6
m

3
) 2.359 0.584 0.419 1.014 0.256 0.465 

Max. dam length (m)  931 1118* 997 1611* 706 1893* 

Max. dam height  (m) 5.1 4.5 5.7 5.6 5.6 3.5 
*The length including a saddle dam 



Journal of Purity, Utility Reaction and Environment Vol.1 No.3, May 2012, 121-141 
         

127 
 

Using the topographic features of Sinjar Mountain, six basins (Fig. 4) were selected to be 

used for calculating the runoff. 

 

 
Fig. 4 Study area at northern Sinjar mountain (blue shaded area) shown on the map of 

northern Iraq, the plan view shows the six basins together, with enlarge map for 

each basin surrounding the figure. 

 

4.   Runoff and SCS method  

The Soil Conservation Service (SCS) runoff curve number (CN) method is used in this paper. 

The main purpose for this method is to determine direct runoff depth from individual storm 

rainfall depth and it is widely used by many researchers (Ponce and Hawkins, 1996).  

The hypothesis of the SCS method is that the ratio of actual retention to potential retention is 

equal to the ratio of actual runoff to potential runoff and this lead to the following equation 

(Chow Ven Te, 1988). 

  

)(

)( 2

SIP

IP
Pe

a

a




                                                                                                                     (1) 

In which  

Pe  depth of excess rainfall or direct runoff;   

P = accumulated rainfall  

aI = rainfall for which no runoff will occur (initial abstraction);   

S = potential maximum retention. 
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In 1985 after study several small experimental watershed, SCS suggested that 

SIa 2.0                                                                                                                                    (2) 

Putting equation (Eq.2) in (Eq.1) gives: 

)8.0(

)2.0( 2

SP

SP
Pe




                                                                                                                     (3) 

The SCS found curves by plotting accumulated rainfall against direct runoff, using-data from 

several watershed, to standardize these curves. 

A dimensionless curve number CN is defined and ranged between 0 and 100. 

Here 

CN =100 represent an impervious surface or a water surface and; 

CN  less than100  is valid for a natural surface. 

The relation between the potential retention and the curve number is given by: 

 

)(

)*101000(

CN

CN
S


                                                                                                              (4) 

The original (CN) method was developed in U.S. customary units (in.), and; an appropriate 

conversion to SI units (cm) is possible (Ponce 1989). For this work, curve number values are 

estimated for each basin depending on the land use, land cover and soil type.  

The weighted average CN values were estimated depending on area of specific land use as a 

percent of total basin area, as well as, calibrated for antecedent moisture condition (AMC) for 

dry, average, and wet conditions according the antecedent rainfall depth for the five days. 

Dry condition will be achieved if the total five days rainfall depth was less than 35mm and 

wet condition if the depth is greater than 53mm.  

CN value Modified for dry and wet conditions using the following equations (Chow et al., 

1988) as:   

II

II
I

CN

CN
CN

*058.010

*2.4


                                                                                                        (5) 

II

II

III
CN

CN
CN

*13.010

*23


                                                                                                        (6) 

 

In which:  

ICN : is the curve number for dry condition.;   

IICN : is the tabulated curve number, (Soil Conservation Service 1972, chap 9), (Chow Ven Te, 

1988, chap 5). 

IIICN : is the curve number for wet condition. 
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The choice to use the SCS method in this paper is due to that it is a simplified method and 

developed to predict the depth of runoff for storms of rain.  

Curve Number method depends on the one main coefficient (CN), which represent the 

characteristics of the catchment area, soil type and classification, land use and methods of 

treatment, the condition of the surface hydrological and soil moisture content at the fall of rain. It 

is reliable and easy to apply, and applicable in many countries of the world (Pons and Hawkins 

1996).  

The disadvantages of CN method are that, it is initially developed for agricultural regions 

before extended to be applied on urban regions and there should without base flow when 

estimating excess rainfall. In addition the method is sensitive to curve number value for the areas 

having low curve number, and/or low rainfall depth (Pons and Hawkins 1996).  

Although there are disadvantages on CN method but they are inapplicable on the studied area 

due to its nature which is agricultural land, and according to the runoff flow there is no base flow 

and the curve number is not low in its value (Table 1). 

The runoff model was calibrated using actual rainfall and runoff measurements (Khidir, 

1999). The details of the calibration process are discussed in details by Al-Ansari et al., (2011). 

 

5.   Supplemental Irrigation model   

 

Using Mat lab software, the irrigation water requirements for the wheat crop, for 

supplemental irrigation (SI), can be estimated for each day of the growing season. The estimation 

is based on rainfall depth, soil water storage and crop water requirements by the following 

equation: 

 

AVWCONUSERID  , when AVWCONUSE                                                        (7) 

 

In which: 

RID required irrigation depth (mm).  

CONUSE The consumptive use for the wheat crop (mm) 

AVW =available depth of water in the root zone, (mm). If the consumptive use for the wheat 

crop was less than available depth of water in the root zone, then the required irrigation depth is 

equal to zero. 

The available water in the root zone can be calculated from: 

 

100

*TAWPAW
AVW                                                                                                              (8) 
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 In which: 

PAW = percentage of the available water or percentage of the depletion, consider= 50% 

(Ministry of Agriculture, Food and Fisheries 2006).  

TAW = total available depth of water in the root zoon, (mm). 

Total available depth of stored soil water depends on plant root depth. 

The available water capacity of the soil (AWCS) (mm/m) was identified based on soil type. This 

is given by the Ministry of Agriculture, Food and Fisheries (2002). It can be calculated from the 

following formula: 

 

RZDAWCSTAW *                                                                                                           (9) 

In which: 

AWCS  =available water capacity of the soil (mm/m). 

RZD = root zone depth, (mm). 

The depth of the root zone RZD  was calculated by the equation (10) developed by Borg and 

Grimes (1986): 

 

)47.1))/(*03.3(*5.05.0(*  DTMDAPSinRDmRZD                                    (10) 

In which: 

DAP = current day after planting. ; 

 RDm= maximum rooting depth (mm).;  

DTM = number of days to maturity. ;    

sin= a trigonometric function. 

In this research, deficit irrigation (DI) of 50% and 25% of full irrigation requirements is 

defined as the 50% and 75% of the total amount of water required for the crop consumptive use 

respectively. 

 

6.   The Optimization Model 

 

A linear programming computer model technique (based on Mat lab software) has been used 

to optimize crop area that could be irrigated by supplemental (100% crop water requirement 

satisfaction) and deficit irrigation (50% and 25%) of full irrigation requirements depending on 

total runoff volume that is collected in a reservoir for each basin.  

For rainy days, all the volume of runoff, collected from the catchment area of a certain basin, 

enters the reservoir. It was estimated by using WMS, depending on available daily rainfall data. 

The volume of the individual reservoir was calculated also using WMS function relationship of 

elevation volume considering the maximum height of the dam.   

The objective function is to maximize the total cropped area (Acrop), which could be 

irrigated using the harvested runoff water volume that was collected in the individual reservoir. 
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)(.)( AObjFuncMAX                                                                                                         (11) 

 

In which: 

.ObjFunc = value of objective function. 

A = irrigated area. 

 

The objective function is subjected to some constraints. Among these are the volume balance 

equation, for daily intervals which can be expressed as follows: 

 

jtjnjvjv OISS )()()()( 1                                                                                             (12) 

 

In which: 

1)( jvS =storage volume at the end of time interval (j) (m
3
). 

jvS )( =volume of storage at the beginning of time interval (j) (m
3
).  

jnI )( =volume of inflow to the reservoir during the time interval (j) (m
3
). 

jtO )( =volume of outflow during the time interval, (j) (m
3
), i.e, irrigation water, volume of 

evaporation, and spill water.  

The outflow volume jtO )(  at the time interval (j) can be expressed as follow: 

 

)()()()( pjVresjRjt SEDO                                                                                         (13) 

 

In which; 

jRD )( = volume of demand i.e. irrigation water at time interval(j), (m
3
).;  

jVresE )( = volume of evaporation loss from the reservoir (m
3
).  

)( pS = volume of spilled water through time interval (j), (m
3
). 

The constraints of storage capacity are:  

 

jVS )(  MinV    j= 1,2,3,…. n                                                                                                    (14) 

 

jVS )(  MaxV   j= 1,2,3,…. n                                                                                                    (15) 
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In which: 

MinV = minimum storage capacity of the reservoir, (m
3
). 

MaxV = maximum storage capacity of the reservoir, (m
3
). 

 n    = number of time intervals.  

 

7.   Model Application   

 

WMS was applied for each single rainfall storm for the six selected basins to find out the 

runoff as a volume of water which, can be collected and stored in the reservoirs. 

These reservoirs were previously chosen their locations carefully. Then, their water to be 

used for irrigation process in the study area. The accumulative runoff volume for each selected 

reservoir location of the considered period was drawn in figure (6) . 

Three irrigation scenarios were used assuming supplementary irrigation 100% of crop water 

requirement, and two Deficit Irrigation 50% and 25% of full irrigation requirement to estimate 

the daily irrigation water requirements based on rainfall, soil water depth and planting stage.   

The growth season in the studied area is normally about six months (170 days). It starts 

November-December and ends May-June. The growing season for wheat varies from about 100 

to over 250 days in the Mediterranean basin (Kassam, 1981; Smith and Harris, 1981).   

The start of wheat growing season begins when the rainfall on the basins reaches a proper 

depth 10±2 mm. 

The optimization model was applied considering the three irrigation scenarios and the runoff 

volume that stored in the reservoirs to find out the maximum  cropped area (Acrop) for each 

reservoir for a period of 17 agricultural season during the years 1990-2009. Two seasons were 

neglected (2002-2003 and 2007-2008) due to missing data.  

The most important factors that influence the total cropped area (Acrop) is the availability of 

sufficient rainfall water with good spatial distribution over the season. In such a case, water can 

be stored in the reservoirs and used to irrigate the crop. The resultant irrigated area for each 

growing season (year) was drawn in Figures 7-A, 7-B and 7-C for the three irrigation scenarios 

(supplementary irrigation 100% of crop water requirement, and two Deficit Irrigation 50% and 

25% of full irrigation requirement) respectively. 

 

8.   Results and Discussion 

 

Fig. 2 shows the seasonal rainfall for the period of 1990-2009 at Northern Sinjar district. The 

start of wheat growing season begins when the rainfall on the basins reaches a proper depth 10±2 

mm. 

The studied rainfall record indicates that the amount and distribution of rainfall vary greatly. 

The maximum annual rainfall depth was 478.1 mm in 1995-1996 while the minimum was 110.1 

mm in 1998-1999 and the mean annual rainfall depth was 286.7 mm. This quantity of mean 

annual rainfall is insufficient to grow economical crop, the sufficient rainfall is of the order of 
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300-600 mm/year (Oweis et al., 1999). The volume of water calculated as runoff (Fig. 6) from all 

the basins was assumed to be stored at the reservoirs according to their capacity (Table 1).  

Fig.5 shows rainfall distribution during maximum and minimum seasons within the studied 

period. It can be noticed that during maximum rainfall season (1995-1996), total rainfall reached 

478.1 mm (Fig. 2). This took place during 58 days and the maximum daily rainfall reached 49.5 

mm. The maximum period of no rain lasted 19 days while the overall period of no rain during 

the season was 112 days out of 170 days which represent the season for wheat growing. In the 

relatively driest season (1998-1999) however, the total rainfall reached 110.1 mm (Fig. 2), which 

took place during 31 days and the maximum daily rainfall reached 19.5 mm. The maximum no 

rain period lasted 69 days while the overall period of no rain was 139 days. 

High agricultural production has no simple direct relationship with high rainfall event. It is 

very important to have good distribution of the rainfall events along the growing season rather 

than having high rainfall storms not well distributed. In some cases (rain water is available but 

can not use it) i.e. the region might have high rainfall storm which fills the reservoirs followed 

by another storm. The water of the other storm will be of no use in such cases, where most water 

run through spillway. Another case might be having large quantities of rain water at the middle 

or end part of the growing season which means that, depriving the crop, of these quantities which 

can not be used for irrigation during the early growing season.  

All six basins have identical characteristics. In such a case, the most influential factors were 

the size of the catchment area, the distribution  and amount of rainfall, the produced  runoff  

water volume, in additional the reservoirs size and the evaporation loss from its surface area.  
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Fig. 5 Rainfall distribution events during maximum rainfall seasons (1995-1996) 

 and, minimum rainfall seasons (1998-1999). 

The reasons, that lead to maximum annual runoff volume that happened during the season 

1995-1996, were the heavy annual rainfall (478.1 mm) with sequent strong rainstorms that took 

place in short time intervals (Fig. 5) helped to prevent land surface to be dry and that lead to keep 

maintain antecedent moisture conditions of the ground surface at high level, and that will reduce 

water losses through the ground surface (infiltration) in additional,  the effect of the curve 

number which change with antecedent moisture conditions, all that lead to accumulate the 

volume of runoff which directed to reservoirs by gravity.  

The volumes of water that can be reached and part of it stored in the reservoirs were 17.3, 

7.7, 6.1, 2.8, 3.5, and 5.0 (10
6 

m
3
) for the basin number 1 to basin 6 respectively for season 1995-

1996 (Fig. 6).  

The remaining runoff was lost through spillway of dam. These quantities of water can be 

used for the purpose of recharging ground water instead of losing it.  

The minimum runoff volume achieved was during 1998-1999 where the annual rainfall was 

110.1 mm. For this value, the volume of stored water in the reservoirs was 0.35, 0.13, 0.03, 0.04, 

0.03, and 0.02 (10
6 

m
3
) respectively (Fig. 6). 

As expected the results showed that the most important factors that increased irrigated area 

was water volume that was collected as runoff in reservoirs especially in suitable time for the 

seasonal growth. For the supplemental irrigation, the results indicated that for (SI) of (100% crop 

water requirement satisfaction) the largest irrigated area was 1928.9 *10
4
m

2
 during the season 
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(1997-1998) at basin (1), while the least irrigated area was 0.3 *10
4
m

2
  during the season (1998-

1999) at basin (3) (Fig. 7-A).  

 

 
Fig. 6 Run off volume output of (WMS) for the individual selected basins. 

 

 

Fig. 7-A: Wheat cropped area using supplemental irrigation scenario (100% crop water 

requirement) for the individual selected basins. 
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For the 50% deficit irrigation, the results showed that the largest and least irrigated areas 

were 22629.9 *10
4
m

2
 (2000-2001) at basin (1), and 0.7 *10

4
m

2
 (1998-1999) at basin (3) 

respectively (Fig. 7-B). 

In the case of 25% of deficit irrigation, the results showed that the largest and least irrigated 

areas were 3467.8 *10
4
m

2
 (1997-1998) at basin (1), and 0.4 *10

4
m

2
 (1998-1999) at basin (3) 

respectively (Fig. 7-C).  

Al-Zubi et al., (2010), stated that runoff is a function of precipitation, soil, surface cover, 

elevation of the catchment area and slope. The model results however, showed that time directly 

affects the irrigation process and indirectly the area to be irrigated. In such occasions, rainfall 

produced enough amount of runoff but that will take place after two months of the start of 

seeding which can not be used for irrigation and lead to minimize irrigated area. This is the case 

in basin (3) through the season (1993-1994), where the runoff volume was up to 1.08 (10
6 

m
3
) 

while the irrigated area was 1.13, 2.84 and 1.62 (10
4
m

2
) for supplemental irrigation (100%) and 

deficit irrigation of (50% and 25%) respectively. It should be mentioned however, that the area 

of the catchment can play an important role in increasing runoff where large catchments produce 

more runoff water in case the rainfall depth is greater than 13.5 mm. This value has been 

identified based on observing the depths of the rain that supplied to the runoff model. Other 

occasions such as long time periods of no rain will negatively effects runoff and lead to decrease 

it where the soil will be dry and requires more water to generate runoff. For all basins, the 

resultant irrigation areas (Fig. 7-A), were usually bigger for the reservoir having maximum 

storage capacity (Table 1) where for the maximum rainy season 1995/1996 the irrigated areas for 

the reservoirs one through six reach up to 849, 205, 154, 387, 94,167 (10
4 

m
2 

) respectively for 

irrigation scenario of 100% of full irrigation requirement. Same results produced with irrigation 

scenarios of 50% and 25% of full irrigation requirement, (Fig. 7-B and 7-C). 

The total volume of harvested runoff for all basins together for the studied period ranged 

from 0.6*10
6 

m
3
 (1998-1999) to 42.4*10

6 
m

3
 (1995-1996) (Fig. 8).  

The results of total irrigated areas of crop for all basins, together, ranged 14.5-3663.7 (10
4
m

2
) 

for the scenario of 100% SI, 33.0-39827.1 (10
4
m

2
)
 
for the scenario of 50% of DI and 20.1-7314.0 

(10
4
m

2
)
 
for the scenario of 25% of DI (Fig. 8).   

There was an average increased irrigated area using scenario of 25% of DI, instead of 

scenario of 100% SI reached to 57% , while for using scenario of 50% of DI reached to 291%.   

The results of the three scenarios used indicated that using 50% deficit irrigation can be more 

beneficial than 100% SI and 25% of DI. 

Generally, The results (Figures 7-A, 7-B and 7-C) show that the use of deficit irrigation of 

25% or 50% lead to increased cropped area compared with that when using supplemental 

irrigation of 100% crop water requirement satisfaction.  

It should be mentioned however that, the increase of the irrigation areas by using deficit 

irrigation is coupled with reduction of wheat grain yield per unite area due to the water reduction 

of irrigation. Despite this fact that, reduction of wheat grain yield per unite area will be 

compensated by increasing the total irrigated area.  
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Fig. 7-B: Wheat cropped area using deficit irrigation scenario of 50% for the individual 

selected basins. 

 

Fig. 7-C:Wheat cropped area using deficit irrigation scenario of 25% for the individual selected 

basins 
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Fig. 8 The total irrigated area of crop for all basins together for the three scenarios of 100 SI, 

50% and 25% of DI, VS. The total volume of harvested runoff for all basins 

together for the studied period. 

9.   Conclusion  

Farmers in Iraq are suffering from water shortages. Application Macro RWH will help to 

minimize the water crises in Iraq. The technique has been tested in a WMS on North Sinjar area 

to see the capability of the area to harvest rainwater. 

WMS was applied by using daily rainfall data for the period 1990-2009 on North Sinjar area. 

The results indicate that significant amount of yearly runoff can be harvested. The results 

showed that it ranges between 0.6-42.4 (10
6 

m
3
). The results of estimating the runoff volume 

showed that the runoff volume can be considered for irrigation practices and especially 

supplementary irrigation.  

The optimization technique used to maximize irrigated crop area considers three different 

irrigation scenarios i.e. supplemental irrigation of 100%, deficit irrigation of 50% and 25% of 

crop water requirement satisfaction respectively. The results indicated that the total minimum 

and total maximum irrigated crop area for all basins, together ranged from 14.5, 33.0 and, 20.1 to 

3663.7, 39827.1 and, 7314.0 (10
4
m

2
) for the three scenarios respectively. There was an average 

increase of irrigated area using DI scenario ( 25% of total irrigation requirement), instead of SI 

scenario (100% of total irrigation requirement) where it reached 57%, while, for using  scenario 

DI (50% of total irrigation requirement) it reached 291%.  

Implementation of Macro RWH in the Northern Sinjar District gave encouraging results 

leading to an increase of irrigated area. This can contribute in solving the problem of water 

shortage in Iraq. In addition, some of the storm events showed that the volume of runoff water 
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was greater than the capacity of the reservoir. These excess quantities of water can be used to 

recharge groundwater in the area. 

The results of the three scenarios used indicated that using 50% deficit irrigation can be more 

beneficial than 100% SI and 25% of DI. 
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